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Thesis Title: Superheated Water as Mobile Phase 
Thesis Abstract 
This project has focused on the applicability of using superheated water as an 
alternative eluent for use in reversed phase high performance liquid 
chromatography (RP-HPLC). A system based on instrumentation from gas 
chromatography (GC), HPLC, and supercritical fluid chromatography (SFC) was 
utilised with some success. Of particular importance was the stability of the column 
stationary phases commonly employed in RP-HPLC. The most popular phases 
based on alkyl bonded silica proved unsuitable due to excessive dissolution of the 
base silica at high temperatures. Nevertheless, two other phases; one a poly 
(styrene-divinylbenzene) material and the other a porous graphitic carbon proved 
stable to temperatures as high as 240°C. At such temperatures compound stability 
was good, except for a notable case with nitrobenzene. The mechanism of elution 
remained reversed phase mode throughout, with polar solutes being eluted before 
non-polar ones. 
The effect of altering the temperature of the water was studied with respect to 
various chromatographic parameters, including: peak shape, retention factors and 
selectivity, and finally the efficiency of the separation process itself. Comparisons 
were then made with conventional eluents based on aqueous mixtures of 
acetonitrile and methanol, and any similarities and differences were noted. 
Generally increasing the temperature with superheated water as the mobile phase 
reduced retention and helped to improve peak shape. The effect on the selectivity of 
separation was not so certain, where according to the stationary phase used, both 
differences and similarities were found for a homologous series or compounds of 
different functionality. Chromatographic efficiencies were lower with superheated 
water when compared with an organic mobile phase of comparable elution strength. 
This finding is somewhat contradictory to what theory suggests, where the 
decreased viscosity of the superheated water mobile phase would increase 
diffusion rates and thus increase efficiency. 
lt was postulated that alternative detectors could be used with the pure water mobile 
phase. Notable among these detectors is the flame ionisation detector (FID) 
commonly used as a detector in GC. Limited success was achieved however, owing 
to difficulties sustaining a robust connection between the column and fused silica 
capillary restrictor. Problems also occurred with flame stability and a signal spiking 
phenomena when the superheated mobile phase stream is introduced to the FID. 
Nevertheless some positive results were obtained in conjunction with temperature 
programming techniques that illustrated the potential of the approach. 
Finally a new stationary phase based on bonded zirconia material was investigated 
for .use with superheated water. Preliminary findings were encouraging because this 
material was not as retentive as the previous two studied, allowing lower 
temperatures to be employed for the elution of very non-polar analytes. 
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CHAPTER 1 
INTRODUCTION 
Water at room temperature and pressure is generally viewed as a polar solvent 
capable of solvating both ionic and many polar organic species. For this reason it 
has sometimes been called the "universal solvent" [1]. However this label is 
somewhat of a misnomer considering that under normal conditions in the 
laboratory, water is unable to solvate the vast majority of non-polar organic 
compounds. This inability of water to dissolve most organic compounds has 
severely hampered its general use as a solvent in both organic and analytical 
chemistry. Nevertheless the advent of reversed phase high performance liquid 
chromatography (RP-HPLC) has seen the use of water reintroduced to the 
analytical laboratory. 
Up until now the mobile phase for RP-HPLC operation has usually comprised 
mixtures of water or buffer with miscible polar organic solvents such as 
methanol, acetonitrile, or tetrahydrofuran. By using such aqueous solvent 
mixtures, the polarity of the mobile phase can be adjusted to elute the solutes 
from the column. However, the use of these organic solvents in the laboratory 
can have its drawbacks, and if not handled correctly can pose considerable 
hazards. All three solvents commonly used for RP-HPLC operation are 
flammable and acetonitrile in particular is toxic [2]. Strict controls have been put 
in to place giving guidance on how to handle and employ such solvents. This 
includes observing Control of Substances Hazardous to Health (COSHH) 
regulations by handling such solvents only in fume evacuated areas and storing 
them in protective cabinets. Organic solvents used for HPLC are also expensive 
to purchase and, once used they need to be disposed of carefully and 
thoughtfully, thereby introducing additional costs to their use. The use of water in 
the laboratory, on the other hand, does not suffer from any of the constrictions 
mentioned above. High-grade purity water used in RP-HPLC is available 
relatively cheaply and can, in fact, be readily decontaminated before disposal. 
1 
Chapter1 Introduction 
Despite the numerous drawbacks encountered from the use of such organic 
solvents, RP-HPLC still remains the most popular mode of chromatography in 
use today. lt is estimated that between 70 and 80% of all LC separations are 
carried out in the reversed phase mode [3]. Why then has RP-HPLC remained 
so popular since its recognised inception back in 1976 [4]? The answer to this 
question lies in the ability of RP-HPLC to be such a versatile separation 
technique, from analytical separations of low molecular weight samples, to the 
analysis intermediate molecular weight biochemicals such as peptides and 
oligonucleotides. Such a breadth of versatility ensures such a large diversity of 
application areas where RP-HPLC methods can be utilised, from pharmaceutical 
research and routine quality control, to environmental and state legislation 
chemical analysis. Nevertheless, with this versatility comes the necessity to think 
about the separation desired and the best way to control it. This invariably 
means controlling the physical parameters of the chromatographic system to 
achieve the "besf' separation; which in LC most often implies controlling the 
solvent strength and the flow characteristics of the mobile phase. Usually altering 
the quantity of organic solvent in the mobile phase and its volumetric flow rate 
controls these attributes. 
So, what are the properties of superheated water that make it usable as a mobile 
phase in RP-HPLC? Moreover, what is the definition of a superheated liquid? If 
indeed superheated water could be used as an effective mobile phase for 
reversed phase, then how easy would it be to put into practice? What 
experimental conditions need to be applied to the chromatographic system as a 
whole to ensure a superheated liquid state? Also would the chromatograph and 
ultimately the solutes withstand chemical attack from superheated water? Apart 
from the monetary and environmental considerations for its use, are there any 
further benefits that the use of superheated water in RP-HPLC could bestow on 
the separation process as a whole? All of these questions need to be, and will 
be, addressed in the ensuing chapters of this thesis. 
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1.1 Superheated Water: a Definition 
The definition of "superheated' water, as ascribed throughout this thesis, is: 
water maintained in the liquid phase above its "normal" boiling point of 1 
atmosphere of pressure (1 .01325 bar) by the application pressure so that it does 
not boil. To achieve this condition we must operate at pressures above those 
defined for the liquid-vapour boundary i.e. the vapour pressure curve. To help 
clarify this position a schematic representation of the phase diagram for water is 
given in Figure 1.1. 
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Figure 1.1: A schematic representation of the phase diagram for water, 
showing the superheated liquid region of water. 
The phase diagram above allows us to outline the necessary conditions 
(temperature and pressure) that define the superheated region for water. Three 
important parameters provide the boundaries for this region, namely, the normal 
boiling point of water ( Tb) the critical temperature ( Tc) and the vapour pressure 
curve that connects these two points. In essence the liquid vapour line 
summarises the temperature dependence of the vapour pressure; equally, it 
summarises the pressure dependence of the boiling temperature. Note that the 
superheated region, as designated in Figure 1.1, is still an integral part of the 
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liquid phase region. lt is not, like the confusion sometimes associated with 
supercritical fluids, a separate state of matter [5-6]. 
The superheated region itself is also split in two distinct areas to highlight the 
conditions under which superheated chromatography has been performed i.e. 
the yellow shaded region: Solute and chromatographic hardware stabil ity prevent 
us from operating within the orange shaded area of the superheated region. The 
extreme temperatures and pressures in this region would almost certainly cause 
solute degradation, as well as seriously corroding the chromatographic 
hardware. Nevertheless, from evidence provided elsewhere in this thesis, it is 
not necessary to operate under these "extreme" conditions for superheated 
water chromatography to work effectively 
Another term used to describe superheated water, and often used 
interchangeably in the literature is "sub-critical" water [7]. This term is avoided in 
this thesis however, as it suggests operation close to the vicinity of the critical 
point. Also the term sub-critical could also be deemed to include liquid water 
under ambient conditions. From the phase diagram in Figure 1.1 we can see that 
we are operating under conditions far removed from those of the critical point. 
1.2 Solvent Strength in RP-HPLC 
lt was previously mentioned that water at standard ambient temperature and 
pressure (SATP 25°C, 1 bar) is viewed as a polar solvent with the potential to 
dissolve most ionic species. In RP-HPLC the elution strength of a given solvent 
decreases with an increasing polarity of the mobile phase. As a consequence 
then, water maintained under ambient conditions, is viewed as the weakest 
solvent commonly used in RP-HPLC. How is it then that superheated water can 
be used to challenge this traditional viewpoint and be usable as a mobile phase 
in RP-HPLC? Practically a measure of the likely eluent strength of superheated 
water needs to be ascertained so a comparison can be made with the common 
organic solvents used in RP-HPLC. 
4 
Chapter 1 Introduction 
The terms "solvent strength" and "elution strength" are often used 
interchangeably but in fact, are conceptually quite different. Solvent strength is a 
measure of the interactions between solutes and a given solvent. Whereas 
elution strength is a measure of cumulative solute-mobile phase, solute-
stationary phase, and mobile phase-stationary phase interactions, which 
determine chromatographic retention. 
1.2.1 The l Elution Strength Scale 
Traditionally, the eluting strength (E0 ) of various organic solvents was ranked by 
measuring the retention factor of various solutes on alumina, to form what is 
known as a solvent strength or eluotropic series [8]. Using this eluotropic scale 
the eluents are arranged according to polarity, the strong ones being polar and 
the weak ones non polar. Thus water, being the most polar, is deemed the 
strongest solvent. However, alumina is regarded as a polar normal phase 
support and an eluotropic series developed for this stationary phase will be 
entirely different for non-polar reversed phase supports. Therefore as a rough 
approximation, this eluotropic series developed for normal phase supports is 
effectively reversed when reversed phase chromatography is considered. 
1.2.2 The (P? Polarity Index Scale 
Another measure of the solvating power of a solvent, known as the polarity index 
(P') was proposed by Snyder [9]. This empirical constant is composed of three 
contributing elements, and describes an individual solvent's ability to act as a 
proton acceptor (xe) a proton donor (xd) and it's dipole character (xn). These 
three elements are determined experimentally from the retention factors of 
ethanol, dioxane and nitrobenzene; hence the use of the symbols e, d and n in 
the subscript of the notations. If a range of solvents are listed in order of 
increasing P', again an eluotropic series is obtained. Table 1.1 lists eluotropic 
values based on the E0 (AI20 3 ) and P' values for some common reversed phase 
solvents. However comparing the P' and E0 series in this way does show a 
shortcoming since both series are based on different experimental 
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example the P' scale ranks acetonitrile as a more polar solvent than methanol 
when practical experience suggests the opposite to be true [12]. 
Table 1.1: Comparison of elution strength for various organic solvents 
based on the &0 (AI203) [8] and P' values [1 0]. 
Solvent E0 (Ah03) Solvent p 
Water Higher Water 10.2 
Methanol 0.95 Acetonitrile 5.8 
Ethanol 0.88 Methanol 5.1 
i-Propanol 0.78 Acetone 5.1 
Acetonitrile 0.65 Ethanol 4.3 
Tetrahydrofuran 0.62 Tetrahydrofuran 4.0 
Acetone 0.56 i-Propanol 3.9 
1.2.1 The Hildebrand Solubility Parameter (o) Scale 
Other measures of solvent polarity not based on chromatographic behaviour 
have also been proposed. The so-called Hildebrand solubility parameter (8) has 
been used to measure solvent polarity with some success [1 3-14]. lt is defined 
as the square root of a solvent's vaporisation energy (LlE) divided by its molar 
volume (V); 
(1 .1) 
Table 1.2 lists solubility parameter values starting with water as the most polar 
(highest 8) to hexane as the least polar (lowest 8). Although this ranking appears 
correct with methanol placed above acetonitrile in terms of polarity, this 
measurement also highlights some apparent anomalies. For instance the 
solubility parameter suggests that tetrahydrofuran (THF) has a similar polarity to 
chloroform, even though chloroform is immiscible with water whilst THF is 
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miscible with water in all proportions. The reason for this apparent contradiction 
is that the vaporisation energy of a solvent is affected by all of the intermolecular 
interactive forces possible between solvent and solute molecules. The four 
principal interactive forces are dispersion, dipole, hydrogen bonding and 
dielectric interaction. lt is the strength of these four interactive forces, in 
combination, that govern the solvent strength of a solvent. Thus a significant 
proportion of the intermolecular forces which make up the total solubility 
parameter for THF arises from dipolar and acid/base interactions, thereby 
making it miscible with water. The cohesive forces in chloroform in contrast, are 
largely dispersive in nature and inhibit interaction with polar water molecules. 
Table 1.2 Hildebrand solubility parameters for various organic solvents 
used in HPLC [1 0]. 
Solvent Solubility parameter (o} I 
J1'2 m -3/2 x 10-3 
Water 47.8 
Methanol 29.4 
Acetonitrile 23.9 
Acetone 20.2 
Chloroform 19.1 
T etrahydrofuran 19.1 
Diethyl ether 15.5 
Hexane 14.9 
1.2.3 Solvatochromic Methods 
A further more rigorous solvent classification is based on spectroscopic 
measurements of test solutes (dyes) that are sensitive to the physiochemical 
characteristics of a solvent. This method is known as solvatochromism, and it is 
becoming an accepted approach for elucidating solute-solvent interactions as it 
measures a solvent's polarity in terms of each individual intermolecular 
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interaction. In essence the solvatochromic dyes change colour (i.e. shift in their 
maximum absorption (Amax)) when the polarity of their solvation sphere changes 
[15]. The most widely used solvatochromic dye is 2,6-diphenyl-(2,4,6-triphenyi-
N-pyridino)-phenolate, and the scale associated with it is denoted as Er [16]. 
This compound is so solvatochromic that Amax shifts from 450 nm (green) in 
water to around 220 nm (far UV) in alkanes are observed. However, the 
drawback to the use of this scale is that it responds to changes in both dipolarity 
I polarizability and hydrogen bonding strength [16-1 7]. An alternative 
solvatochromic scale developed by Kamlet et al. [17 -18], called the Kamlet-Taft 
scale (designated 7t*), is derived from solvatochromic measurements of some 50 
indicator compounds. This approach provides a differential contribution from 
solvent dipolarity/polarizability, hydrogen-bond donating (acidity) and accepting 
(basicity) interactions. Carr and eo-workers have used a series of Taft and 
Kamlet's dyes to study retention in RP-HPLC [19-21] and more recently SFC 
[22]. Interestingly, Abraham et al. have used this solvatochromic approach to 
study the effect of gaseous solubility in water [23]. 
There is still considerable debate and continuing experimental investigations to 
produce a recognised and quantitative classification of an eluotropic series for 
RP-HPLC [24-25). lt has been highlighted that of all the methods available to 
chromatographers to measure solvent strength in RP-HPLC there is not one 
singular method to fit all instances [26]. 
1.2.4 Dielectric Constant 
Although all of these measures of solvent strength correctly places ambient 
liquid water as the most polar solvent (and hence the weakest solvent in RP-
HPLC) none of them have been applied to measure the likely solvent strength of 
superheated water. However, there is yet another measure of solvent polarity 
that has been measured for superheated water for all temperatures up to the 
critical point [27]. This is the bulk dielectric constant (or relative permittivity, s) of 
a solvent. Although not often used, the dielectric constant of a solvent has been 
used as a crude measure of solvent polarity. Horvath et al. [28] used this 
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measure of solvent polarity in determining the absolute retention and selectivity 
found in RP-HPLC. They surmised that for polar and ionic species a high 
dielectric constant would decrease retention. Again an approximate eluotropic 
series can be visualised if the solvents are placed in descending order, as in 
Table 1.3. Again the anomaly with acetonitrile above methanol is apparent as it 
is in the P' scale. Polar solvents have high values for & whereas non-polar 
compounds have very low values. Consequently one finds that ionic solutes 
dissolve only in solvents of high dielectric constant in which solvation energy can 
match the crystal lattice energy. 
Table 1.3. The dielectric constants of some common solvents used for 
HPLC at 20 oc [from 29]. 
Solvent Dielectric constant I 
F m-1• 
Water 78.2 
Acetonitrile 37.5 
Methanol 32.7 
Ethanol 24.6 
Acetone 20.7 
T etrahydrofuran 7.6 
Chloroform 4.8 
Hexane 1.88 
The next section discusses how, with an increase in temperature, the dielectric 
constant of superheated water can be drastically lowered to match aqueous-
organic solvent mixtures and so act as medium to low polarity solvent usable in 
RP-HPLC. 
9 
Chapter 1 Introduction 
1.3 Properties of Liquid Water at High Temperatures 
1.3.1 Definition of the Dielectric Constant 
The dielectric constant (or relative permittivity) of a material is defined as the 
ratio of electric flux density produced in that material to the value in free space 
produced by the same electric field, i.e.: 
(1 .2) 
where lio is the permittivity of free space, that is 8.854 X 1 o-12 farad per metre (F 
m-1 ). In effect it is a measure of the ability of bulk fluid to store electrical energy 
by alignment of dipoles and provides to some extent a direct measure of its 
capability for polar solvation. Liquid water at SATP can dissolve ionic species 
and is thus viewed as a polar liquid with a large dielectric constant &r, (-80 F m-1 
at 20°C). 
1.3.3 Theory of the Dielectric Constant of Water 
The dielectric constant of a polar liquid arises from the orientation of molecular 
permanent electrical dipoles f..l., and the electrical distortion of the molecule [30]. 
The electrical distortion of a molecule is expressible in terms of a polarizability, 
a, such that the induced dipole moment f..l.ind is equal to: 
(1.3) 
where Em is the electric field acting on the molecule. This induced moment gives 
rise to the optical refractive index n in the infrared region and beyond. The 
strongest electric fields acting on the water dipoles are those produced in the 
neighbourhood of electrolytic ions. This is illustrated in Figure 1.2, where a 
charged solute ion R+ is able to polarise molecules of the surrounding solvent, 
resulting in electrostatic attraction of R+ and solvent molecules. 
10 
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Figure 1.2: Dielectric interaction between liquid water solvent molecules 
and a solute ion. 
The distributions of orientations of the permanent dipoles of water in a steady 
electric field is not random, but is a Boltzmann distribution in which the thermal 
fluctuations govern the populations in different energy states, that is, different 
orientations. The permanent dipole orientation polarizabil ity aor which results 
from this distribution is: 
a.or = llo 2 /3kT (1.4) 
where Jlo is the average dipole moment per molecule, T is the absolute 
temperature, and k is the Boltzmann constant. This expression can then be 
related to the contribution to the dielectric constant that arises from permanent 
dipole orientation, thus: 
(1.5) 
where No is Avogadro's number, and V is the molar volume. From this 
expression we can see that as the temperature is systematically raised we 
should observe a decrease in the dielectric constant, £. However, application of 
this formula to liquid water at 20°C with a value for Jlo = 1.85 D, yields a static 
dielectric constant of 13 (six times too small) although the temperature variation 
is approximately of the correct form. This large discrepancy arises because of 
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two distinct reasons: 1) incorrect assumptions as to the size of the electric field 
Em acting on the molecular dipole, and 2) no account has been taken for the 
structural correlation which can exist between permanent dipoles. For water this 
specifically involves the strong intermolecular association with itself known as 
"hydrogen bonding", which reduces the net dipole character of the associated 
molecules when determined from bulk measurements. 
A theory for the observed discrepancies between the calculated and 
experimental values of the static dielectric constant has been devised 
independently by Kirkwood [31 ], and Frohlich [32]. The theory is strictly 
applicable only to isotropic substances (a medium whose physical properties are 
the same in all directions) composed of coupled permanent dipoles that are not 
polarisable. The important quantities in the Kirkwood theory are: 1) Jl , the 
average dipole moment of an H20 molecule surrounded by its neighbours. This 
moment exceeds the moment f..l.o by the polarisable molecule contribution aEm, 
so that: 
Jl = aEm + f..l.o (1.6) 
and 2) Jl·, the vector sum of the dipole moments of all the neighbours of a given 
molecule, which is held in a fixed orientation. Now Jl. is a measure of the 
correlation between the orientation of dipoles. The use of these two quantities 
leads to the "Kirkwood" equation [33], which successfully describes the 
behaviour of water's static dielectric constant with varying temperature. Frohlich 
arrived at a similar equation, but used instead a quantity ero , that relates to the 
dielectric constant at a frequency sufficiently high to cancel out intermolecular 
contributions from the permanent dipoles, but not sufficiently high for 
intramolecular contributions (induced polarisation dipoles and vibrations of 
molecule) to be damped out. 
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1.3.3 Variation with Temperature 
The measurement of the dielectric constant of water at high temperatures is a 
complex process experimentally, due to the appreciable conductivity of water at 
high temperatures and pressures [34]. Arkelof and Oshry [35] were the first to 
overcome these experimental difficulties, and applied a resonance technique to 
measure the dielectric constant of water along the saturation line between 1 00 
and 370°C. Their results may be expressed according to the equation: 
Eo= (5321/7) + 233.76- 0.9297 T + 1.417 X 10-3 T2 -8.292 X 10-7T3 (1.7) 
where T is the absolute temperature in oK. From this expression a plot was made 
of the variation of static dielectric constant with water (see Figure 1.3). lt can be 
seen from th is plot that the dielectric constant of liquid water decreases 
significantly with a concomitant increase in temperature, ranging from 88.2 F m-1 
at ooc to 9.7 F m-1 at 370°C, close to the critical point (Tc = 37 4.15°C). 
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Figure 1.3: The dielectric constant of water as a function of temperature. 
Data taken from ref. [35]. 
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The reasons for this lowering in the dielectric constant of water with temperature 
have been proposed using various models [30]. Pople [36-37] applied the 
"Kirkwood" theory to a model based on hydrogen bond bending of the associated 
water molecules. This theoretical model works fairly well over the range 0 - 83°C, 
but above this temperature range the theory appears to be inadequate. At about 
the same time as Pople made his calculations, Haggis et. al. [38] calculated the 
static dielectri c constant of water by postulating a theory based purely on the 
statistical analysis of hydrogen bond breaking, taking no account of the hydrogen 
bond bending model. Table 1.4 shows calculated values for the number of 
hydrogen bonds broken p (%) in correlation with calculated and experimental 
values determined for eo. As can be seen, the values for eo ( calc.) and eo ( exp.) 
correspond very closely with each other. 
Table 1.4: Evaluation of the "Bond-Breaking" model for calculating the 
dielectric constant of water. Adapted from reference [30]. 
T (OC) p (%) eo (calc.) Eo (exp.) 
0 (ice) 0 92.7 92.0 
0 (water) 9.0 89.0 88.2 
25 11 .3 78.3 78.2 
60 15.8 65.8 66.6 
100 20.2 53.7 55.4 
200 34. 1 31 .6 34.6 
300 61.3 15.2 17.7 
370 100 7.4 9.7 
This bond-breaking model, although conceptually simple, is capable of 
interpreting the static dielectric constant over the entire temperature range. 
However there is considerable debate to as whether the bond breaking model is 
in fact correct at temperatures below about 70°, where there is evidence to 
suggest that bond bending may be the dominating factor between the 
experimental results and calculation. lt is considered a relatively complicated 
task to try and combine the two theories of bond bending and breaking [30]. 
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1.3.4 Vapour Pressure Curve of Superheated Water 
The vapour pressure can be defined as the pressure of a vapour in equilibrium 
with its condensed form (usually liquid) at a given specified temperature. Vapour 
pressure increases with temperature so that if one were to plot p vs. T, a curve 
would result, rising from the origin to the critical point forming the basis of the 
liquid/vapour boundary. The vapour pressure curve for water rises relatively 
slowly for temperatures just above 1 00°C but begins to climb rapidly for 
temperatures in excess of 250°C [39]. This variation is seen more dramatically in 
Figure 1.2. Thankfully for liquid water to act as a medium polarity solvent in RP-
HPLC only temperatures up to 250 oc are required (see section 1.4). Figure 1.4 
shows the vapour pressure curve for water from 0 to 250 oc. lt was highlighted in 
section 1.2, that so long as one operates at pressures above this vapour 
pressure curve, then water will be in the liquid phase. Thus only relatively low 
back-pressures need to be maintained for successful superheated water 
operation. For instance a back-pressure of only about 40 bar is required to keep 
water liquefied at 250°C. Compare this to SFC with carbon dioxide where a 
minimum back pressure of 78 bar (critical pressure of C02) is necessary to keep 
the fluid supercritical. Pressure programming can increase these operating 
pressures still further. Low back-pressure is advantageous as it reduces strain 
and thus wear and tear on the mobile phase pumps and on the column itself. 
Moreover, because superheated water, like supercritical fluids, is a low viscosity 
solvent (see next section) increased flow rates can be realised without fear of 
excessive pressure drops across the column. 
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Figure 1.4: Vapour pressure curve for water from 0 to 250 °C. Source data 
adapted from [39). 
1.3.5 Viscosity of Superheated Water 
The viscosity of the mobile phase governs two critical parameters in LC, namely, 
the diffusion rates (which affects the efficiency of the separation) and the 
maximum permissible pressure drop the column can achieve. A low viscosity 
solvent will produce a lower pressure drop across the column than a solvent with 
a higher viscosity at a specific flow rate as given by the equation: 
(1.8) 
where .t1p is the pressure drop, F is the flow rate, 77 viscosity, L column length, r 
column radius and dp is the particle size. From this equation we can see that a 
16 
Chapter 1 Introduction 
low viscosity solvent will allow the use of longer columns and/or smaller particle 
sizes: two further ways to increase efficiency. 
Viscosity usually increases with polarity, association and molecular weight. Thus 
at ambient temperatures liquid water is relatively viscous due to its extensive 
hydrogen bonding, 17 - 1 mPa s at 25°C. However water's viscosity can be 
drastically lowered upon heating under pressure. Moszynski [40] measured the 
viscosity of superheated water and found that when water was heated to 200°C, 
its viscosity was less than 20% of its value at ambient temperatures (see Figure 
1.5). 
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Figure 1.5: Viscosity of water as a function of temperature. Source data 
[40). 
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1.3.6/onic Product 
The last property of superheated water to be considered with respect to its use in 
LC is the ionic product. The ionic product of a substance is defined as the 
product of the activities of the ions into which a pure substance dissociates. 
Under ambient conditions, the equilibrium H20 ~ H\ q + OH-aq lies almost 
entirely on the side of the water molecule. At 25°C and 1 bar the value of the 
ionic product Kw= CH+ x Co H- is equal to 10-14 mol21-2. Noyes et al. [41] found that 
the ionic product along the saturation line of water between 25 and 240°C 
increases by about three orders of magnitude. Therefore at high temperatures 
superheated water is both more acidic and basic in nature. Why then is this 
attribute important in LC? Principally there are two reasons; firstly it affects the 
ionisation of solute molecules (and thus its retention characteristics) and 
secondly it affects the stability of the chromatographic hardware itself, most 
importantly the column packing material itself. 
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1.4 Superheated Water LC versus other Chromatographic Techniques 
1.4.1 Conventional RP-HPLC 
By conventional RP-HPLC one means a chromatograph employing aqueous-
organic mixtures of either methanol, acetonitrile, and tetrohydrofuran or a 
combination thereof. The most important comparison to make is the solvent 
strength of the resulting mobile phase to be used. For instance, what is the 
equivalent solvent strength of superheated water at 200°C compared with an 
aqueous mixture of say, methanol. Fortunately data is available detailing 
dielectric constants for aqueous mixtures of all three common reversed phase 
solvents [42-44]. Figure 1.5 shows the comparison of dielectric constant values 
for superheated water and aqueous mixtures of methanol, acetonitrile and 
tetrahydrofuran. 
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Figure 1.6: Comparison of dielectric constants of superheated water and 
aqueous-organic solvent mixtures. Source data [35,42-44] . 
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1.4.2 Supercritical Fluid Chromatography 
Most comparisons made between conventional LC and SFC extend to 
differences in diffusion coefficients of solutes in the mobile phase and the 
viscosity of the mobile phase. For a true comparison of the two techniques only 
packed column SFC using supercritical fluid (SF) C02 wi ll be considered [45]. In 
SFC the viscosity of the mobile phase is considerably lower than in LC. 
However, as shown in the previous discussion the viscosity of water is drastically 
reduced at high temperatures. Therefore the physical properties of superheated 
water share more in common with SF's than the organic solvent mobile phases 
conventionally used in LC. A clearer perspective on how superheated water 
compares to aqueous/organic solvent mixtures and supercritical carbon dioxide 
is shown in Table 1.5. 
Table 1.5: Comparison of diffusion coefficients for phenol in different 
viscosity mobile phases. Data taken from reference (45]. 
MeOH:H20 H20 H20 
(60:40) @ 20°C @ 100°C @ 200°C 
Dm X 10-:, 
(cm2 s-1) 0.64 4.63 12.0 15 
17 (mPa s) 1.69 0.28 0.13 -0.08 
From Table 1.5 we can see that diffusion coefficients in superheated water 
approach values in SC C02. Also there is collateral increase in diffusion with an 
increase in temperature of the water, due to a decrease in its viscosity 
experienced at higher temperatures. Aqueous methanol mixtures are relatively 
viscous and therefore they hinder the diffusion of solutes. 
The biggest advantage that superheated water has over SC C02 however, is the 
large solvent polarity range that superheated water can be adjusted between. 
Supercritical C02 on the whole is regarded as a normal phase non polar solvent, 
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and although a certain amount of solute retention can be achieved by adjusting 
density by temperature and/or pressure programming, to elute polar solutes 
polar modifiers need to be added to the fluid [46]. Often these polar modifiers are 
polar organic solvents (such as methanol) and their use negates the use of 
universal gas chromatography (GC) detectors such as the flame ionisation 
detector (FID). This is a major disadvantage to using packed column SFC. 
However like C02, water does not give a significant response in the FID and 
should therefore be usable within this superheated medium. 
Another significant advantage superheated water LC has over packed column 
SFC, is the simplicity of the instrumental set up. Successful SFC operation 
require a cooled pump head so the C02 can be pumped as a liquid. Also two 
pumps and dynamic mixers are needed if a modifier is to be added to the SF 
C02. These requirements are not needed for a pure water mobile phase. Having 
said that, some of the instrument developments made for SFC can be used for 
superheated LC i.e. back-pressure regulation. Nevertheless pressure is not used 
as a retention control parameter as it is in SFC. This is because we are dealing 
with a liquid far removed from supercritical fluid conditions, and therefore its 
compressibility is low and the consequent effect on solvating properties of the 
liquid is equally small. 
1.5 Uses of Superheated (and Supercritical) Water 
1.5.1 Waste Destruction 
Although the properties of supercritica//superheated water have been known for 
some time, they have not been exploited to any great extent until recently [27]. 
The first reports to signify promising research leads for using supercritical (SC) 
water concentrated on its potential reactivity [47]. Many hazardous organic 
materials are oxidised to simple innocuous compounds in this reactive medium, 
and so can be disposed of safely [27,48]. lt quickly became apparent that se 
water could be a useful medium for the destruction of a wide range of hazardous 
wastes, from military toxic chemical agents to sewage and pulp mill effluents [49-
50]. lt has been stated that oxidation in supercritical water can "detoxify more 
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than 99.9% of hazardous organic materials in just a few minutes" [27]. The 
technique is so promising that it has generated a growing interest from a number 
of industry and government led research agencies, who are building pilot plants 
to fully exploit the idea [51]. However, the corrosive nature of SF water continues 
to hamper research efforts, and special alloy reactors are needed to withstand its 
reactivity. In particular the treatment of halogenated compounds has proved 
problematic due to excessive corrosion of the reaction vessel [52). 
1.5.2 Organic Chemistry 
This recognised reactivity of SF water has prompted synthetic organic chemists 
to investigate its potential as an alternative medium to conventional organic 
solvents. Notably A Katritzky et al. has published a large number of papers on 
the subject [53]. Because of superheated water's ability to solvate many organic 
species it can be used as an effective and environmentally friendly solvent with 
the possibility of affecting the reaction in other beneficial ways [54]. Because of 
water's amphoteric nature it can act as a acidic or basic catalyst [55]. lt was 
found, somewhat surprisingly, that many hydrocarbon species are relatively 
unreactive in this medium even at temperatures up to 460°C and time spans in 
excess of 24 hours (53,56]. Polar organic species also seemed to show 
remarkable stability at temperatures significantly less than the critical point [53]. 
1.5.2 Extraction 
Some early communications also looked at the prospect of using SC water as an 
extraction solvent [57 -59]. Using superheated water, Hawthorne et al. [60] 
achieved quantitative analytical scale extractions of organic compounds from a 
variety of environmental solid matrices. By sequentially raising the temperature 
from 50 to 250°C, class selective extraction of different polarity organics could be 
attained, from relatively polar chlorinated phenols to low polarity polyaromatic 
hydrocarbons (PAHs) [61-62]. The postulation behind these extractions was that 
the polarity of superheated water (as measured on the dielectric constant scale) 
is reduced to such an extent that it is able to solvate otherwise insoluble organic 
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solutes. A more recent paper from the authors confirmed the increased solubility 
of organic compounds in superheated water [63]. They found solubility increases 
in excess of 100,000 fold for certain non-polar solutes when the temperature was 
raised to 250°C. 
1.6 Aims of Present Study. 
Because of the success of the aforementioned extraction studies with 
superheated water our own studies have looked at the prospect of using this 
medium as a liquid chromatography mobile phase. The same principles that 
were applied to temperature induced extraction of organic solutes should be 
equally applicable to LC operated in a reversed phase mode. Other researchers 
have also looked at the applicability of using pure water as a mobile phase in 
RP-HPLC although their investigations were performed at ambient conditions 
with either a specially modified stationary phase [64] or used for separating very 
polar organic species [65]. Prel iminary studies needed to determine what column 
materials would be applicable for use with a superheated water mobile phase. In 
particular there was concerns for the stability of silica based packings. The study 
of retention of with respect to temperature is pivotal to this thesis. An 
investigation into the selective nature of a pure water mobile phase is also 
necessary and comparisons with aqueous organic mobile phases are warranted. 
Further, the efficiency of the superheated chromatograph is compared to 
conventional RP-HPLC to see if there are any real increases. Finally it is 
proposed that a superheated water chromatograph could be used with the flame 
ionisation detector as it is with capi llary SFC. 
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EFFECTS OF TEMPERATURE IN LC 
2.1 Introduction 
Because this thesis examines the possibility of using pure water, heated under 
pressure, as the mobile phase it would be advantageous to critically investigate 
the effect of temperature on the separation process in LC. Nearly all of the 
physical parameters involved in the chromatographic retention process are in 
some way a function of temperature. However, temperature usually has a much 
lower effect in LC than in gas chromatography (GC) since the enthalpy of 
transfer for a solute between mobile and stationary phases is much smaller in 
liquids compared to gases. Therefore, the effects of temperature on the 
chromatographic behaviour of solutes in LC, has been relatively unexplored, 
compared with for instance, altering the solvent strength of the mobile phase. 
This chapter will address the influence of temperature in LC and highlight recent 
advances and the different approaches that have been made to fully utilise 
temperature as a separation "tool" for the chromatographer. 
2.2 Historical Perspective of Temperature Studies in LC 
lt is generally recognised that the first attempts at investigating the effects of 
temperature in LC were made by LeRosen and Rivet [67] in 1948. They studied 
the effect of temperature on the retention of nitroaniline and lycopene in an open 
column system packed with silica gel over the range 1 ooc to 70°C. They came to 
the conclusion that temperature had little effect on compound retention in these 
chromatographic systems. Chang [68] later found the opposite to be true working 
with azobenzene dyes over the range -55°C to 200°C. He found that retention 
could be made to increase or decrease by the effects of temperature according 
to the solvent system used. Apart from these two papers very little 
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work was continued in this area for a number of years. lt wasn't until the mid to 
late sixties that their was a renewed interest in the effects of temperature in LC. 
Locke and Maitre [68] examined the variation of solute retention with 
temperature in liquid-liquid systems. Various other modes of liquid 
chromatographic systems were also studied, including liquid-solid (normal 
phase) [69-72], ion exchange [73-7 4], and size exclusion chromatography [75-
76]. 
The development of high quality reversed phase packing materials led to an 
evaluation of the temperature effect in RPLC as well. Schmit and eo-workers [77] 
were one of the first groups to investigate temperature effects in LC on these 
new-bonded reversed phases packing materials. They found a faster speed of 
analysis at higher temperatures for a variety of solutes including, polycyclic 
aromatic hydrocarbons, drugs and vitamins. Knox and Vasari [78] also 
investigated temperature effects in RPLC over the range 10-60 °C, and found 
increased column efficiencies were often observed for simple organic 
compounds such as acetone and benzene. During the late 1970's, Horvath, 
Melander and eo-workers [79-81] largely developed the theoretical description of 
the dependency of temperature on retention in RPLC. They proposed a number 
of empirical equations, which seemed to adequately explain the temperature 
dependence on retention in RPLC as an inverse relationship with the absolute 
temperature. 
Since the early eighties there has been a renewed stimulus in research studying 
the temperature effects in a variety of LC applications. This has included further 
work investigating temperature's role in the retention mechanism [82-88] and its 
effect on the efficiency of the chromatographic process [89-92]. In addition there 
has been research into more diverse areas; such as temperature programming 
[93-95], high temperature open tubular LC [96-98], and low temperature LC for 
the separation of thermally labile species and alternative selectivity [99-1 02]. 
Perhaps one of the main reasons why temperature studies in RPLC have 
received so much new interest, is the number of different stationary phases that 
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are now available that are stable over a much wider temperature range than the 
traditional silica based bonded phases. In particular polymeric packings based 
on polystyrene-divinylbenzene have proved to be particularly stable, and have 
been used at high temperatures for size exclusion chromatography [1 03]. Porous 
graphitised carbon, commercially available since 1988, has also been shown to 
withstand operating temperatures well in excess of 100°C [104]. The 1990's 
have seen a proliferation in the number of sil ica based column manufacturers 
that report thermally stable columns operating above the "normal" operating 
limits of 60 oc [1 05]. Among these new generation of reversed phase silica 
columns are a brand of columns known as "Stablebond" [1 06-1 07] manufactured 
by Rockland Technologies (Newport, DE, USA). This brand of column has been 
reported to endure operating temperatures up to 90 oc without noticeable 
change[108]. 
Each year the Pittsburgh Conference on Analytical Chemistry and Applied 
Spectroscopy (more commonly known as Pittcon) acts as a showcase for HPLC 
column manufacturers to exhibit new developments. Some manufacturers have 
reported silicaceous reversed phase columns that can withstand a mobile phase 
pH beyond the normal upper limits for silica gel (usually pH - 8) [1 09]. Columns 
materials such as SMT-(00-5-1 00) (Separation Methods Technology, ) have a 
dense bonded phase coverage that is said to protect the silica base material 
from hydrolytic attack [11 0]. They are also reported to withstand high 
temperatures. Because hydrolysis of silica is accelerated under basic conditions 
at high temperatures (>60 °C) there may be a chance that these columns can 
even endure a superheated water mobile phase at high temperatures. 
Moving away from silica reversed phase columns, Carr and eo-workers have 
developed a reversed phase material based on zirconia [111 ]. Zirconia is a metal 
oxide that is more chemically and thermally stable than silica [1 12], such that it 
can be operated over a pH range of 1-14 and temperature limits as high as 
200°C. Such a stationary phase appears a promising prospect for study with a 
superheated water mobile phase. 
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2.3 Theoretical and Practical Implications of 
Temperature Effects in LC 
2.3.1 Thermodynamic Explanation of Retention 
Chromatography can be simply viewed as a dynamic equilibrium process, and 
each solute acquires an equi librium distribution, known as the distribution 
coefficient, K, between the stationary and mobile phase. The concentration in 
each phase is given by: 
(2.1) 
where Cs and CM are the concentrations of solute in the stationary phase and 
mobile phases, respectively. For each individual LC technique there may be a 
number of different competing equilibria, but they are all dependent on the 
operating temperature of chromatographic system. Classical thermodynamics 
provides an expression that relates the change in free energy of a solute when 
transferring from one phase to the other as a function of the distribution 
coefficient. The expression is as follows: 
L1G0 = - RT InK (2.2) 
where (R) is the universal gas constant, (T) is the absolute temperature, and 
{.1GO) is the standard free energy change. Now the standard free energy can 
also be expressed as: 
(2.3) 
where {.1H0 ) is the standard enthalpy change, and {.1SO) is the standard entropy 
change of solute transfer from the mobile phase to the stationary phase. 
Therefore the distribution coefficient can be expressed in terms of the standard 
enthalpy and standard entropy changes, as: 
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InK = -(t1Ho-t1SoJ 
RT R 
(2.4) 
Now, {K), the distribution coefficient can be related to the retention (formerly 
known as capacity) factor, (k), in the following way: 
(2.5) 
where (V5 ) is the volume of the stationary phase and ( VM) the volume of the 
mobile phase within the column. In this way, the temperature dependence of 
retention can be expressed as: 
t1Ho t1So 
Ink = ---+--+lnf3 
RT R 
(2.6) 
The symbol (f3) is the known as the phase ratio of the column, and is simply 
(Vs/VM). lt can be seen that Equation (5) takes the form y = ax + b, and a plot of 
In k versus 1/T (known as a van't Hoff plot) should give a straight line if f1HO is 
invariant with temperature. The slope of such a plot ( -f1HOfR) is equal to the 
enthalpy change during solute transfer. Similarly, the intercept (f1SOfR + lnf3) 
gives an indication of the magnitude of the entropy change during solute 
transfer. This provides a convenient way of calculating the thermodynamic 
constants f1HO and t1SO for a chromatographic system so long as the phase ratio 
is known or can be calculated. However, it is considerably difficult to accurately 
quantify the phase ratio of any given column. 
As well as a means of calculating thermodynamic constants for a 
chromatographic system, van't Hoff plots are also particularly useful in helping to 
determine the underlying contribution to the retention mechanism. This is 
illustrated in Figure 1, for two different types of retention governing systems. 
In system (A) there is a large slope and thus a large enthalpy contribution to the 
retention mechanism. This implies that molecular forces interacting between the 
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solute and the stationary phase predominantly control retention in the system. 
Because the change in enthalpy is the major contribution to the free energy, the 
solute distribution, in thermodynamic terms, is said to be "energy driven". 
Examples of such "energy driven" systems include normal and reversed phase 
separations, which exhibit relatively small enthalpy changes that cause modest 
decreases in retention when the temperature is raised. However, higher enthalpy 
changes are often seen in the separation of large macromolecules, and raising 
the temperature of separation can have a much more significant effect on the 
separation process. 
A. B. 
A H 0 
R 
Ink' 
AH0 Ink' 
/ R AS0 
+ ln<I> 
r~ AS0 R + ln<l> R 
1/T 
Figure 2.1: van't Hoff plots for two chromatographic systems showing 
different retention mechanisms. 
In contrast, a large entropy contribution and a notably smaller enthalpy 
contribution, as illustrated by the smaller slope, dominate retention in system (B). 
Such a system is said to be "entropical/y driven". This means that molecular 
forces do not predominantly control solute distribution between the two phases 
but rather entropy, as a measure of molecular order, plays a significant role in 
the retention mechanism. Large entropy changes means that solute molecules 
are more restricted or adopt a less random distribution in the stationary phase. A 
good example of such an "entropically driven" chromatographic system would be 
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chiral separations, where enantiomers are distinguished from each other by their 
specific interactions with the chiral stationary phase [113-115]. 
Although examples of linear van't Hoff plots for a variety of LC systems are 
widespread in the literature [65,84, 116-117], there are a number of notable 
cases where linearity is not observed [83,85-86]. This highlights the fact that 
there are a number of chromatographic systems that cannot be simply described 
in terms of simple "energetic" and "entropic" components, but rather complex 
mechanism's are often at work that does not allow a simple description of the 
temperature dependence of retention. 
2.3.2 Temperature Control and Thermal Gradients 
Temperature control in LC is essential for the reproducibil ity of retention factors 
of solutes in a number of chromatographic system's. Since the mid 1960's, when 
it was established that temperature could play a significant role in retention, 
there have been several attempts to produce a simple thermal control system to 
maintain the column within specified temperature limits [118-120). Gilpin and 
Sisco [121) studied the effect of temperature on the precision of retention 
measurements in normal and reversed phase LC. They found that small 
fluctuations in column temperature (+/- 1°C) resulted in significant errors in 
retention measurements (>60 % in some cases) for normal phase systems with 
plain silica as the stationary phase. For reversed phase systems minimal errors 
in retention measurements were observed. For other chromatographic systems 
temperature control is more crucial. Baba and eo-workers [122] found that 
temperature constraints of+/- 0.5°C was needed to maintain the retention time 
variation of decaphosphate on an anion exchange column within 1 %. 
A variety of temperature control instrumentation is now available commercially. 
The instruments use various heat exchange concepts, each of which has its 
merits and drawbacks. Heater blocks continue to be popular choices as they are 
inexpensive and generally provide an efficient heat exchange mechanism, so 
long as the column fits exactly in the block cavity. Water jackets also provide 
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excellent heat exchange and temperature stability properties, but access to the 
column itself is somewhat restricted . Forced air ovens can accommodate several 
columns at once, and offer easy accessibility along with fast response times for 
use with temperature programming techniques, (see later). However, air is a bad 
exchange medium, and to be effective for efficient temperature control the oven 
must be operated at high air velocities [123]. 
Temperature control is also desirable for the optimum operation of a number of 
LC detectors notably UV Nis detectors and refractive index detectors. Changes 
in the temperature of the flowing mobile phase causes a change in its refractive 
index, and thus a change in UV transmittance of the mobile phase. Brooker [124] 
described a thermostatting device that regulated the temperature of the flow 
detector cell so that refractive index aberrations were minimised. The flow cell 
was capable of operating at temperatures up to 70 - 80°C. 
Schrenker [125] investigated the effects of mobile phase pre-heating before it 
reaches the column inlet. lt was found that at relatively high linear velocity's 
(-0.5 cm/sec) efficiencies decreased by up to 90% for a "column only 
thermostat" arrangement compared against a "solvent + column thermostat" 
arrangement. This dramatic decrease in efficiency was ascribed to the 
occurrence of axial temperature gradients across the length of the column. This 
hypothesis was supported by thermocouples taking temperature measurements 
inside the column as water was pumped through it. The effects of thermal 
gradients within the column in elevated temperature conditions has also been 
examined by Abbott et. al. [126] and Poppe et al. [127]. Both sets of workers 
highlighted that radial thermal gradients ( Tcentre-T wall across the width of the 
column) will be generated within the column because typical LC solvents and 
packing materials, such as silica, have significantly lower heat conductivity's 
relative to a typical stainless steel column. The direction of the radial thermal 
gradient will be dependent on the respective difference between the inlet fluid 
temperature and column temperature; whereas the magnitude of this thermal 
gradient will be largely dependent on the flow rate of the mobile phase and the 
size of the column bore. For instance, in situations where the column wall 
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temperature is equal to the temperature of the incoming mobile phase, a viscous 
heat drag (dissipation) will raise the temperature in the centre of the column 
relative to the column walls. This will have the effect of creating a parabolic 
shaped radial thermal gradient as illustrated in Figure 2.2 A. In turn this will 
cause different flow velocities of the mobile phase between the wall and the 
centre of the column, with the mobile phase at the centre of ~he column moving 
the fastest; thereby causing band broadening. Recently Welsch et. al. [128] 
reported that the use of mobile phase temperatures below the temperature 
exhibited by the column wall , can enhance the performance of the 
chromatography by creating a negative radial thermal gradient in opposition to 
--
that created by the viscous heat dissipation (see Figure 2.2 B) thus reducing 
band broadening caused by different flow velocities. However, their exists an 
optimum temperature difference between the mobile phase eluent and column 
wall where the different velocities of each thermal gradient are offset. 
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Figure 2.2: Radial thermal gradients generated by differences in eluent 
temperature compared with column wall temperature. (A) eluent 
temperature equal to column wall temperature; (B) eluent temperature 
below column wall temperature. 
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2.3.3 Temperature Programming 
lt has already been mentioned that temperature programming has been 
extensively used in gas chromatographic analysis for many years; to reduce 
retention times and band broadening of late eluting compounds. In contrast, 
temperature programming in LC has only been investigated as a research 
application, and has not been applied routinely to LC analysis. The early work of 
Maggs [69] and Snyder [72] had all concluded that temperature programming in 
LC was impractical in most situations due to the excessive time required to 
equilibrate the column at the original starting temperature. Kourilova and Krejci 
[129] investigated the use of purposefully creating longitudinal temperature 
gradients to desorb the polar component of a binary mobile phase, thus 
effectively creating a combination of thermal and concentration gradients within 
the column. They found that by using such a method, analysis times could be 
shortened and efficiency of the column could be increased. Further work by 
Hodison and Liteanu [130], and Kikta et al. [131] showed that temperature 
gradients could be successfully applied in LC to the separation of complex 
mixtures and difficult separations of compounds with similar polarity. 
Temperature programming in LC gained a renewed interest in the early 1980's 
with the introduction of microbore and capillary column technology [93-95]. 
Poppe et. al. [127] highlighted that radial temperature gradients would be 
dissipated more quickly across a narrower column bed with the use reduced 
internal diameter (id) columns. Smaller id columns would also have favourable 
heat exchange characteristics enabling faster equilibration times and faster 
response times during the induced temperature gradient. This exact point was 
illustrated by Bowermaster and Mcnair [95], when they found that a 1-mm id 
column came up to 90% of the final temperature in 30 seconds, whereas a 
conventional sized 4.6-mm id column took substantially longer at 7.8 minutes, 
(see Figure 2.3). 
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Figure 2.3: Response time for a 22 to 110°C step change in temperature for 
a conventional 4.6-mmid column and a 1-mm id microbore column. Source 
[33]. 
2.4 The Effects of Temperature on Chromatographic Performance 
The overall chromatographic performance of a given separation is often judged 
in terms of the "resolution" that can be achieved for that particular separation. 
Resolution, Rs. is a measure of the separation of two adjacent peaks in a 
chromatogram. When Rs = 1 peak separation is nearly complete, with only 2% 
of one band overlapping another [29]. For quantitative analysis it is desirable to 
attain a resolution >1.25, where resolution is almost complete. The resolution of 
two peaks is dependent on three factors, namely: the relative retention 
(selectivity of separation, a), efficiency (narrowness of peak, N), and the 
retention factor (residence time, k') . The equation that describes this 
interrelationship is: 
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In general, retention factors (k's) range from 1 to 20 for analytical separations, 
with ex values ranging most often between 1 and 2 (at ex = 1 peaks completely 
overlap). For N, values range from hundreds (poor resolutions) to tens of 
thousands (good resolution). For a discussion of the effects of temperature on 
resolution in LC, it is convenient to consider the effects of temperature on each 
individual component of the resolution equation. This section will deal only with 
the effect of temperature on these parameters in RPLC, but its effect on other LC 
modes maybe implicitly different. 
2.4.1 The Effect of Temperature on the Retention Factor in RPLC 
The retention factor (k) is measured as the retention time of an analyte (tR) 
minus the retention time of an unretained peak (to) divided by the retention time 
of this unretained peak, i.e.: 
k = tR - to (2.8) 
to 
Because the retention factor is independent of column length and mobile phase 
flow rate, it is possible to normalise retention for a comparison of retention on 
different columns or indeed chromatographic systems. 
The effect of temperature on retention has been studied less extensively in 
RPLC than the effect of solvent composition. This has been mainly because the 
use of aqueous eluents and siliceous bonded stationary phases limit the 
practical operating temperature range from 5 to 80°C. Over such a temperature 
range and with a typical enthalpy of solute transfer value of- 17 J/mol , retention 
will decrease approximately eight fold [132]. A retention change of similar 
magnitude can be achieved with an increase of - 30% organic modi~er; so this 
is the usual way chromatographers have reduced retention times. The reason for 
this decrease in retention with an increase in temperature can be explicitly 
explained from the thermodynamic principles outlined in section 2.3.1. 
35 
Chapter 2 
.1Go 
Ink = ---+ lnp 
RT 
Temperature Effects in LC 
(2.9) 
From equation (2.9) above, we can see that temperature appears as the 
denominator in the first expression of the RHS. Therefore any increase in 
temperature will ultimately decrease retention (k) so long as !1G0 is negative, 
which for RPLC is generally the case [91 ]. Relating this back to the resolution 
equation (2. 7) we can see that because k appears in the expression as (k/1 +k) 
an increase in temperature (and therefore a reduction in k) would be seen to be 
detrimental to the resolution of the separation. 
2.4.2 The Effect of Temperature on Selectivity in RPLC 
The selectivity of a separation is a measure of the chromatographic system's 
potential for separating two compounds. For two solutes to be successfully 
separated they must have different k values. Selectivity (a) then is a measure of 
the relative retention of two different solutes: 
(2.1 0) 
where k2>k1 . If a = 1, then no separation takes place as the retention times of 
each solute would be identical. Like k, a can be expressed as a thermodynamic 
quantity: 
In a = - .1.1H + .1.1S 
RT R 
(1.11) 
and -MH and .1.1S represent are the differences in the standard enthalpy and 
entropy for the two solutes to be separated [65]. The first of these two terms is 
seen to be proportional 1/T whereas the second term is essentially independent 
of T. As long as -.1~HIRT is larger than .1.1S/R, then temperature increases will 
have a detrimental effect on selectivity. When -.1.1HIRT = flflSIR the solutes will 
eo-elute. However if ~.1S/R > -.1.1HIRT then temperature changes will be 
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beneficial and solute elution order will be reversed with a negative increase in 
selectivity. Such a case is unusual and is normally reserved for separations that 
feature the strong influence of entropy effects in the chromatographic system. A 
good example is in chiral chromatography, where either an increase or indeed a 
decrease in temperature can increase the selectivity between the separation of a 
pair of enantiomers [ 113-115]. 
Most stud ies investigating the effect of temperature on the selectivity of RPLC 
separations choose to look at members of a homologous series. In this way the 
underlying contribution to methylene selectivity of a separation can be 
determined by plotting lna vs. 1/T [133-134]. 
Selectivity control by altering the temperature of the separation is often difficult to 
predict because of the influence of the other chromatographic parameters that 
control retention. For instance the selectivity of a separation in normal phase 
chromatography with a polar moderator will show a marked difference in 
temperature dependency than a non-polar moderator [67]. Changes in stationary 
phase morphology can also occur with temperature [135] and this phenomenon 
can also effect selectivity. lt is generally observed that at elevated temperatures 
bonded stationary phases become more flexib le as mobility is increased [136]. 
There is often a connection between the selectivity of a separation and the 
standard entropy change for that separation process. This will mean that 
selectivity changes with temperature will be governed by retention mechanisms 
where shape of the respective solute and stationary phase is important [137-
139]. Hosoya and eo-workers [140], have developed a stationary phase to 
achieve temperature-controlled selectivity for certain separations. The polymer 
packing material, poly (N-isopropylacrylamide) is thought to undergo a phase 
transition at a critical temperature that changes the hydrophillicity/hydrophobicity 
of the polymer, allowing separation of drugs of different polarities. 
At lower sub-ambient temperatures, the bonded phase is said to adopt a more 
ordered arrangement (a decrease in entropy), that will lead to modifications in 
the selectivity of the separation [99-1 00]. This approach of lowering the 
37 
Chapter 2 Temperature Effects in LC 
temperature of the separation below ambient levels to achieve a desired 
selectivity advantage has been exploited by a number of workers for the 
separation of biological geometric isomers [1 01-1 02]. 
2.4.3 Efficiency 
The temperature of the column and mobile phase contributes significantly to the 
overall efficiency of the separation because it controls the viscosity of the mobile 
phase. Generally an increase in temperature will lead to a decrease in viscosity 
of a liquid according to the expression given below: 
77 = a exp(p / T) (2.12) 
where 77 is the viscosity, and T is the absolute temperature. The constants a and 
fJ are dependent upon the solvent used. The viscosity of the mobile phase plays 
a central role in the mass transfer properties of the chromatographic system. 
Lower viscosity's not only reduce column back-pressures but also increase 
solute diffusivity in the mobile phase and the stationary phase. This means that 
operation at elevated temperatures in LC will lead to a decrease in the mass 
transfer term in van Deemter equation, that will ultimately lead to decreased 
plate heights and thus higher efficiencies. A theoretical approach to the effects of 
high temperature conditions in LC was given by Anti a and Horvath [91]. They 
found that operation at high temperatures led to increase in optimum velocity 
and the limiting slope of the "HETP" (height equivalent to a theoretical plate) 
curve. Others have also investigated the effects of temperature on the 
separation efficiency with different conclusions [89-90,92]. Poppe and Kraak [90] 
found that increases in efficiency could only be achieved at relatively low flow 
rates (1 mllmin). At higher flow rates thermal gradients within the column tended 
to degrade column performance lowering the HETP. Saner et. al. [89] 
demonstrated a loss in efficiency at elevated temperature for a 5 ,urn C 18 
packing but an increased efficiency for 1 0 ,.um packing under identical conditions. 
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2.5 High Temperature HPLC 
The temperature limits for RP-HPLC operation have been constrained by the 
thermal stability of siliceous material with aqueous mobile phases i.e. - 80 °C. 
High temperature HPLC can therefore be informally defined as LC performed at 
temperatures higher than this. lt is somewhat surprising that high temperature's 
have not been investigated more often for normal phase LC where the use of 
water is normally excluded. lt is only during the last ten years or so that the 
concept of high temperature has started to be explored to any great extent. 
A large majority of work conducted on LC at high temperatures has been done 
with capillary columns [141]. This is presumably because they have better heat 
exchange characteristics as outlined in section 2.4.2. Liu et al. perhaps 
pioneered the use of high temperature capillary liquid chromatography [96]. They 
used an open tubular column format and achieved a plate count in excess of 
1,000,000 generated in ea. 50 minutes, for a 20 m column length with a 50150 
ACN/H20 mobile phase operated at 200 °C. Their main concern with this system 
was to systematically increase analysis times in conjunction with high 
chromatographic efficiencies. No attempts were made to reduce the amount of 
organic modifier in the mobile phase. The effect of high temperatures on the 
band broadening of this system have also been investigated [142]. A later paper 
by the same authors showed that these high temperatures could be applied to 
either normal or reversed phase mode of chromatography [97]. However, it was 
highlighted that the lifetime of the reversed phase columns was severely 
shortened when operated at 200 oc due to the accelerated dissolution of the 
sileceous matrix in the aqueous mobile phase. 
To overcome the problem of the reactive nature of aqueous mixtures Trones et 
al. used mobile phases completely free of water [98]. Supercritical C02 was used 
to slurry pack capillary columns with ODS particles and were found to be 
satisfactory for 150 injections at 150 °C. Recently Liu and Xin have used a 
normal phase HPLC system with heptane-alcohol mixtures at temperatures as 
high as 210 oc [143]. Lee and Olesik used elevated temperatures in conjunction 
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with an enhanced fluidity phase containing C02 [144]. Improvements in 
efficiency and reduced analysis times were observed. Houdiere et al. used a 
combination of temperature and mobile phase flow gradients to achieve the 
same effect [145]. So far each of these high temperature LC studies a restrictor 
or back-pressure regulator has been used at the column outlet to keep the 
heated mobile phase liquefied. In Shen and Lee's recent work they dispensed 
with these pieces of apparatus altogether to bring about a phase transition of the 
mobile phase from liquid to gas somewhere along the column length [146]. They 
termed it solvating gas chromatography. Again high column efficiencies were 
realised and retention factors of solutes were reduced with increasing 
temperature. 
For high temperature RP-HPLC to be truly successful stable column materials 
need to be found that can survive for an appreciable time in aqueous 
environment. Yamaki et al. have used a carbon column in the RP mode up to 
160 oc with no signs of column degradation [1 04]. Not long ago Nyholm and 
Markides reported the preparation of open tubular reversed phase columns that 
were remarkably stable to a high temperature aqueous mobile phase [147]. 
Extensive crosslinking of a polysiloxane stationary phase and further crosslinking 
to a deactivated layer underneath achieved this increased stability. 
Nevertheless, these columns still showed some signs of instabi lity after 
continuous use, as the capillaries were often subject to blockages from 
stationary phase due to hydrolytic scission of the crosslinked bonds. 
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EXPERIMENTAL & INSTRUMENT DEVELOPMENT 
3.1 Introduction 
Because of the novel nature of much of this work, no one definitive approach 
was used throughout the project as a whole. Apparatus from three different 
separation techniques were employed: GC, SFC and LC. Much of this chapter 
deals primarily with the set up of the various instrument components that were 
used. Where problems with one experimental approach were encountered, 
solutions to these problems are discussed in depth in this and succeeding 
chapters. 
3.2 Chemicals I Reagents 
Water used throughout this project as the mobile phase was first triply deionised 
and treated through a Elga Maxima HPLC purification unit (Eiga Ltd. Wycombe, 
Bucks. UK) at an output of 18.2 MQ cm-1. This unit utilises a hydrophobic C-18 
cartridge that removes unwanted organic components from the water. When 
used as a part of the mobile phase, acetonitrile and methanol were of HPLC 
gr~de· from Fischer (Loughborough, UK). Aqueous acetonitrile (ACN) mobile 
phases were prepared on a vlv basis, whereas aqueous methanol mixtures were 
prepared on a wlw basis to avoid errors arising from volume contraction of the 
mixture. The use of buffered mobile phases was avoided during the course of 
this study. 
Test compounds employed throughout this project were at least laboratory grade 
or better. The majority of the standard simple aromatic compounds were 
obtained from Aldrich (Poole, UK). The drug compounds used in this study were 
acquired from the Central Research Establishment, Home Office Forensic 
Science Service, U.K. The test solutions were prepared by weighing out an 
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appropriate amount of the solute and then adding 10 mls of an aqueous organic 
solvent mix. The concentration of most of the solutes was in the range 0.1-2.5 
mg/ml. In the majority of cases the sample solvent was 50/50 v/v H20/ACN 
(water/acetonitrile). For very non-polar solutes such as the n-alkylbenzenes, a 
70% ACN solution was needed to adequately dissolve the solutes. During the 
FID study the amount of organic component in the sample solvent was kept to a 
minimum to reduce the solvent signal response in the FID. 
3.3 Chromatography Instrumentation and Conditions 
3.3.1 General Description 
As quoted earlier, several different instrument configurations were used before a 
reasonably robust system was finally adopted. The final arrangement of the 
superheated water high temperature chromatograph is shown as a schematic 
diagram in Figure 3.1 and as a photograph in Figure 3.2. In the main it consisted 
of component parts from LC, GC and SFC instrumentation. The component parts 
included a Jasco PU 980 HPLC pump (Hachioji, Tokyo, Japan), a Pye Unicam 
series 104 GC oven controlled isothermally with a Pye Unicam oven programmer 
(later to be replaced by a Varian 3700 GC oven) a Jasco 875 variable 
wavelength UV I Vis detector. Each GC oven was equipped with a flame 
ionisation detector (FID) and this was used without modification. A Jasco 880/81 
electronically controlled variable backpressure regulator designed for SFC was 
also employed. The use of this unit was necessary to prevent the liquid water 
from boiling above its normal boiling point when temperatures above 1 oooc are 
employed. Because density does not alter the retention to any significant extent 
in LC, the pressure was kept constant (isobaric conditions). A simple alternative 
to this electronically controlled back pressure regulator would be to simply install 
a piece of capillary tubing of sufficient dimensions to generate the required back 
pressure needed. To ensure thermal equilibration between the incoming mobile 
phase and the column itself, a 1-m x 0.3 mm (0.01 0 inch) i.d. stainless steel 
tubing was placed in the oven between the injection valve and the column to act 
as a pre-heating coil. This length of this pre-heating coil was later reduced to 30 
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cm in later studies to preserve the efficiency of the chromatography peaks. 
Injection was carried out in a manually operated injector, Rheodyne Model 7125 
injector (Coati, California, USA) which was fitted with either a 20 or 10 ,ul loop. 
When columns of microbore dimensions were used (2.1or 1.0 mm i.d.) a 
Rheodyne model 7 41 0 injector was used preferentially over the 7125 model, 
because this model could accommodate internal loops of 1 ,ul or less. This 
reduction in injection volume is necessary to reduce the effect of extra column 
band broadening when micro columns are used. The mobile phase was 
continually purged with N2 to deoxygenate the mobile phase, thereby helping to 
prevent any solute oxidation or corrosion to the chromatographic system. 
9. 
Figure 3.1: Schematic of high temperature chromatograph set up. 1) HPLC 
pump, 2) injection valve, 3) pre-heating tube, 4) column, 5) GC oven, 6) 
water condenser, 7) UV detector, 8) back pressure regulator, 9) data 
acquisition. 
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Figure 3.2: Photograph of high temperature chromatograph set up. 1) HPLC pump, 3) GC oven containing pre-heating 
tube & column, 3) GC controller 4) water condenser, 5) UV detector, 6) back pressure regulator, 7) data acquisition. 
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3.4 Columns Used 
A range of columns from different suppliers were used over the course of this 
period of research. The columns are listed in Table 3.1. In general the micro-
columns ( < 2.1-mm id.) were used for the Fl D investigations, because their lower 
volumetric flow rates are needed to maintain flame stability. Their defining 
characteristics are outlined in the succeeding chapters. 
Table 3.1: List of the columns used in this project. 
Tradename Phase Particle Column Manufacturer. 
. Chemistry. Size I Jl· Dimensions I mm. 
Zorbax SB. Silica C 18 with di- 5 (250 X 4.6) Rockland 
isobutyl protecting Technologies. 
groups. 
Spherisorb Silica C18; 7% C. 5. (250 X 4.6) & Phase 
ODS1 . (1 50 x 1.0) Separations. 
Spherisorb Silica C 18; 12% 5. (250 X 4.6) Phase 
ODS2. C. Separations. 
Magellan. Silica C18. 5. (250 X 1.0) Phenomenex. 
Hypercarb. Porous graphitic 7. (100 X 4.6)& Hypersil. 
carbon. (100 x 2.1) 
PLRP-S. Polystyrene- 5 & 8. (250 X 4.6) & Polymer 
divinylbenzene. (250 X 1.0) Laboratories. 
ACT- 1. PS-DVB with C18. 10. (150 X 4.6) Interaction. 
Because different column dimensions were used throughout the course of the 
project, there was a need to scale the volumetric flow rate to the equivalent 
linear flow velocity, (u). In general to obtain balanced volumetric flow rates for 
equal linear velocities rate for two columns of different dimensions, we apply the 
following equation: 
(3.1 ). 
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Where: L = the length of the column in mm, 
r =the radius of the column in mm, 
F = the volumetric flow rate in ml/ m in, 
1 = the reference column, and 2 = the second column. 
Experimental 
The equivalent volumetric flow rates for columns of the same length but with 
different radiuses is shown in Table 3.2. 
Table 3.2: Equivalent volumetric flow rates for columns of different internal 
diameters. 
Column radius. 
4.6 mm. 2.1 mm. 1.0 mm. 
Equivalent volumetric flow rates in 
ml/min. 
2.0 0.42 0.095 
1.5 0.31 0.071 
1.0 0.21 0.047 
0.5 0.10 0.024 
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3.51nstrumental Development 
3.5.1 Sample Introduction 
If there is a temperature discrepancy between the incoming mobile phase and 
the column, then this can have detrimental effects on column performance 
according to the level and direction of this discrepancy [125-126, 128]. For 
instance if the eluent enters the column at a temperature below that of the 
column, then the solute band will experience a thermal gradient. The effect will 
be that solute molecules close to the walls of the column will move at a greater 
velocity than solute molecules in the centre of the packed bed. This will cause 
undesirable band broadening and should be avoided if possible (see Chapter 2). 
In high temperature applications this temperature discrepancy is likely to be 
large, and so the extent of the band broadening is also expected to be large and 
significant. For this reason attempts were made to ensure that the temperature 
of the mobile phase and solute eluent was as close as possible to the interior of 
the column. The first injection configuration that was adopted is shown in Figure 
3.3. (Compare to configuration adopted in Figure 3.1 ). 
Figure 3.3: Original configuration of high temperature chromatograph. 
Note the pre-heating tube now enters the oven before it reaches the 
Rheodyne injector. 
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In this configuration the pure water mobile phase is first pre-heated in the oven 
through a 1-m x 0.05-inch stainless steel HPLC specification tubing. This 
preheated mobile phase then enters the Rheodyne injector, connected outside 
the oven compartment, where it sweeps the solute from the sample loop and 
onto the column using a short (.:::i15 cm x 0.010 inch) connecting tube. This 
arrangement worked well at temperatures below about 90°C with no excessive 
band broadening being observed. However at temperatures above this their was 
a substantial loss in sensitivity as the preheated mobile phase entering the 
injector caused it to heat up excessively. Apart from causing unforeseen damage 
to the injector itself it also caused the sample solvent to evaporate and thus 
caused a loss of solute concentration being swept from the loop. Because of this 
the 1-m pre-heating was at first removed altogether, leaving only the relatively 
short 15-cm x 0. 01 0-inch connection between the injector and the column to act 
as pre-heating tube in the column oven. This however, had disastrous 
consequences with the result being that peak shape was severely deformed, see 
Figure 3.4. However when this 15-cm length of tubing was replaced with a longer 
piece of tubing (1 m x 0.0.1 0 inch), the peak shape had dramatically improved 
with very little evidence of excessive band broadening. 
(\," ~ / --.......__.__ _ _ _ 
~------------~----~ 
Figure 3.4: Chromatogram of m-hydroxybenzaldehyde. Conditions: short 
pre-heating tubing (- 10 cm) between injector and column; column, PS-
DVB, mobile phase, 100 %water at 1 ml I min; oven temperature, 140°C, 
detection 254 nm. 
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3.5.2 UV Detection 
Because a back pressure is maintained from the outlet of the detector itself, it is 
imperative that the detector cell can withstand the pressures placed behind it. 
The flow cells used in this project were specially constructed for use with SFC 
and were pressure rated to 400 atm. The path length of the cell was 5 mm and 
the volume was 4 ,ul. 
When operating a UV detection system care has to be taken to ensure thermal 
equilibration with the cell and the incoming mobile phase. With a high 
temperature chromatograph this condition becomes even more difficult to 
contend with. Like the majority of standard fitted UV cells, it was fitted with a heat 
exchanger, which consists of a length of tubing curled around the cell body to 
help maintain thermal equilibrium in the cell with the incoming eluent. With the 
heat exchanger in place, refractive index changes resulting from fluctuations in 
the temperature of the mobile phase are kept to minimum; and consequently the 
amount of light energy reaching the photo diodes is kept fairly constant i.e. the 
detector experiences a relatively low background noise. In the superheated 
water system background noise was generally insignificant at temperatures 
below 180°C, because there was an excess of outlet tubing connecting the 
column to the heat exchanger around the cell body that helped cool the mobile 
phase eluent. However at temperatures in excess of this the noise level began to 
increase significantly until at z200°C the baseline noise levels generally started 
to become unacceptable (see Figure 3.5). 
Possible solutions to this problem have been reported in the literature. McNair 
and Bowermaster [95] employed a copper block to act as a heat sink for the 
mobile phase that helped cool it before it reached the detector cell. Yamaki et al. 
also concentrated on cooling the mobile phase eluent before it reached the 
detector, but they employed an air cooling driven fan and a specially constructed 
duct fitted with aluminium foils that surrounded the outlet tubing [1 04]. 
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Figure 3.5: Baseline noise experienced at a temperature of 220°C in the GC 
oven. Other conditions: mobile phase, 100 % water at 1 ml I min; UV 
detection @ 254 nm. 
For high temperature capillary LC systems, one approach has been to house an 
"on column" detector cell window within the capillary itself, and to attach this cell 
to the detector photodiodes via fibre optic bundles to act as a light guide [148-
149]. This is a very ingenious approach to the problem because in this way you 
ultimately achieve thermal equilibrium between the mobile phase eluent and the 
detector cell, and you also cut down on excessive dead volume tubing that 
contributes to the band broadening of the system. However no reports of using 
fibre optic bundles with standard sized flow cells used in conjunction with 4.6 mm 
i.d columns has been reported in the literature. This may be because it would be 
extremely difficult to attach standard fibre optics to the cell securely enough to 
avoid any light leakage. This problem is exaggerated because the fibre optics 
then need to be placed securely once again to the face of the light sensitiser 
optics housed in the UV detector itself. Also the flow cell and fibre 
optics/connections themselves should be able to withstand the operational 
temperatures when placed in the oven. 
The solution to the problem we adopted was to partially cool the flowing mobile 
phase before it enters the detector cell. The heat exchange tubing around the 
cell was removed and a specially constructed water condenser (acting as the 
heat sink) was placed between the column and the flow cell (see Figure 3.6). 
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Figure 3.6: Schematic of water condenser arrangement between the 
column and detector. 
The 20 cm length of 0.3 mm (0.012 inch) stainless steel tubing was coiled tightly 
to allow greater surface area contact with the incoming water. The temperature 
of the water was controlled by a Techne Tempette Junior TE-8J circulating water 
bath, and was usually kept at 50°C, which reduced the RI. noise sufficiently. By 
providing the temperature control mechanism to the condenser, we could 
provide a certain safeguard against the organic solutes coming out of solution. 
3.5.3 The Flame Ionisation Detector 
Both the GC ovens used in this project were equipped with FID capabilities and 
were used without modification. For a complete discussion on the experimental 
set up and the subsequent results obtained see Chapter 7. 
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3.6 Data Acquisition and Manipulation 
Data acquisition was performed through a 12 bit AID converter and fed into the 
DOS based JCL6000 data system software (Jones Chromatography Ltd., 
Hengoed, Mid-Giamorgan, UK), for storage and manipulation. An additional 
software module, CEM1 , was also installed. This module determines the 
performance of a column from the following parameters: retention factor, peak 
symmetry, column efficiency and selectivity factor. These parameters are based 
on the following equations: 
5.54 x !B_ ( J
2 
Nlm= wi2 
I 
b Sym(1 0%) = _Ql_ 
where J( = retention factor, 
fR =retention time, 
ao.1 
(3.2) 
(3.3) 
(3.4) 
(3.5) 
to= dead time (retention time of unretained solute, breakthrough time) , 
N =efficiency (number of theoretical plates), 
wv. = width at 50% of peak height, 
I= length of column in metres, 
bo.1 =tail width of peak at 10% height of peak, 
a0.1 = front width of peak at 1 0% height of peak, 
a = relative retention, 
n = peak number. 
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PRELIMINARY INVESTIGATIONS 
4.1 Introduction 
This chapter explores the preliminary efforts to determine the feasibility of 
performing superheated water chromatography with standard hardware available 
at the time. lt was particularly important to establish what kind of effect the 
superheated water would have on the column materials (and other hardware) 
and the solute themselves. For instance, would there be excessive rusting of any 
component parts? Would compounds degrade through thermal instability in this 
medium? Once some of these questions have been answered, then the overall 
performance of the system could be assessed in terms of chromatographic 
properties. 
4.2 Column Evaluation 
4.2.1 Column Material Stability 
With all new chromatographic methods there is a certain necessity to establish 
the reproducibility and robustness of the system in question. Because there are 
concerns about the reactivity of superheated water [27], their needs to be an in 
depth study into the long-term stability of the various column packing materials 
currently available for RP-HPLC. In particular there is a real concern that silica 
based packing materials will be susceptible to some form of chemical attack from 
superheated water. At high temperatures in an aqueous environment silica is 
likely to dissolve [150]. 
Perhaps the most suitable evaluation of column stability is the measurement of 
any changes in the retention factor for a given solute. An alternative method 
would be to observe possible changes in the column efficiency. Three very 
different column materials were chosen for these stability tests; they were 
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Spherisorb ODS1 , PLRP-S and Hypercarb. By choosing three different phases, 
one could decide which general types of phase maybe viable for further 
investigation throughout the duration of this project. Spherisorb ODS1 is fairly 
typical spherical silica based packing material bonded with octadecyl (C18) 
groups. Surface coverage of the bonded material is relatively low with a 6% 
carbon content (w/w). Phase Separations Ltd., (Clwyd, UK) manufacture it. 
PLRP-S is the trade name of a polymeric reversed phase packing based on 
polystyrene-divinylbenzene (PS-DVB) units. lt is manufactured by Polymer 
Laboratories Ltd. , (Shropshire, UK). The last column selected has an entirely 
different phase chemistry altogether. Hypercarb is also commonly known as 
porous graphitic carbon (PGC) on account of its backbone formed from 
intertwined bands of graphite. Hypersil (Cheshire, UK) manufacture it. 
For the stability study of these columns, phenol was chosen as the test solute 
and an injection of deuterium oxide (D20 ) was used as the void volume (to) 
marker. The volumetric flow rate was set at 1.0 mllmin; appropriate for use with 
conventional 4.6-mm id. columns. In common with stability measurements made 
on columns of different dimensions, the amount of mobile phase that has passed 
through the column itself is expressed in terms of column volumes. Now the 
volume of a given column is given by: 
(4.1) 
where Vc is the total column volume, r is the column radius and I is the column 
length. Thus the total column volume for a 250 x 4.6-mm column is 36.13 cm3, 
whereas for the shorter (1 00-mm PGC) column the total column volume in 
comparison is only 14.45 cm3. By using this column volume term, the amount of 
mobile phase passing through all three columns is normalised. The results 
obtained are expressed graphically in Figure 4.1. 
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Figure 4.1: Stability of RP-HPLC column materials with superheated water. 
Conditions: as given in the text. Temperature 150°C (100°C for 005 silica). 
lt is quite clear from Figure 4.1 that the Hypercarb (PGC) and PS-DVB packing 
materials appear to be relatively stable to the superheated water mobile phase. 
However, the silica C18 column degraded substantially even after this somewhat 
brief period of mobile phase purge, and also at a lower temperature of analysis. 
Two possible reasons for this loss in retention ea be postulated. Firstly, operation 
at elevated temperatures in aqueous media, especially at extreme pH (2.5 > pH 
> 7) can cause cleavage of the Si-C bond of the attached functional group. At 
sufficiently high temperatures dissolution of the silica itself may occur, catalysed 
in basic conditions [150]. On opening the top of this column there was no 
evidence of packing material dissolution; therefore it seems likely that the 
bonded phase loss was the major reason for the loss in retention. We can also 
notice that the Hypercarb and PS-DVB columns are much more retentive 
towards this polar aromatic solute. 
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4.2.2 Zorbax Stablebond Material 
The results with the Spherisorb ODS1 material were disappointing. Silica based 
columns still remain the material of choice to chromatographers because they 
offer superior performance in terms of efficiency and their usage is well 
understood. Polymer based columns in particular suffer from hindered mass 
transfer properties compared to silica based columns, which results in lower 
efficiencies. Therefore it would be advantageous to find a silica based column 
that was more stable to hydrolytic attack at high temperatures and high /low pH. 
A number of column manufacturers are earnestly beginning to address this 
issue. During the course of this study we had access to one of these columns 
purported to be more stable, namely a Zorbax Stablebond column. 
Zorbax Stablebond is the trade name for a sterically protected highly purified 
form of RP silica. Bulky di-isobutyl groups [1 06-1 08] substitute methyl groups 
that are normally attached on the silane atom of the bonded silica. This bonding 
arrangement provides a dense coverage of organic material on the silica support 
material, sterically protecting the siloxane bond from hydrolysis reactions with 
the aqueous mobile phase. Compared to other silica C 18 materials, the 
Stablebond column was reported to endure an acidic mobile phase (pH < 1) at 
high operating temperatures (90°C) in excess of 27,000 column volumes 
(equivalent to 84 8h working days) [107]. Because of these revelations it was 
decided to test this column with the superheated water system. 
Initial results with the superheated water mobile phase were encouraging. At 
1 oooc the three phenols (phenol, m-methoxyphenol and m-cresol) were 
separated with excellent peak shapes and efficiencies, and were reproducible 
over an 8-hour working day. However, after being left overnight in cold water, the 
separation characteristics changed dramatically (see Figure 4.2). 
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Figure 4.2: Separation of phenols on Zorbax SB C18. 100% H20 at 1 mllmin, 
1 00°C, 254 nm. Peak identification 1) phenol, 2) m-methoxyphenol, and 3) 
m-cresol. 
lt is believed that this sudden loss in retention was caused by a collapsing of the 
hydrophobic C18 ligands when left to cool in the totally aqueous conditions, as 
shown in Figure 4.3. Reports of a simi lar phenomenon have been reported in the 
literature with highly aqueous mobile phases [151-152). 
silica ------">.......--+ 
particle C-18 ligands 
Figure 4.3: Collapsing C-18 bonded phase as a result of resting in a 100% 
aqueous mobile phase. 
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Another theory for the cause of this phenomenon is the large wetting angle 
(>90°) of the totally aqueous mobile phase on the highly hydrophobic surface; as 
the pressure is released, the mobile phase is driven out of the pores (see Figure 
4.4). However if an organic modifier is once again introduced to the mobile 
phase, these pores can once again be accessed and "wetting" of the surface can 
occur. If one then reverts back to the totally aqueous mobile phase we see a 
return to the original retention characteristics [153]. 
a) 
Figure 4.4: Representation of a C18 surfaces with a) non-wetting solvent, 
such as water and b) a wetting solvent, such as methanol. 
Due to the success of these early results, further efforts focused on the long-
term stabil ity of this silica phase at an increased temperature of analysis. A set of 
more hydrophobic components were selected for these investigations (p-cresol, 
acetophenone, N-ethylaniline). Figures 4.5-a-c shows the results of the 
chromatography over a period of 48 hours at 175°C. lt is apparent from looking 
at these chromatograms that something drastic has occurred within the column 
itself. On opening the column it was found that at least two thirds of the packing 
material had disappeared, seemingly dissolved by the basic nature of the 
superheated water [154; see a/so section 1.3.6]. lt quickly became apparent that 
superheated water would not be suitable for any silica-based columns due to the 
accelerated dissolution of silica itself in basic conditions [150]. 
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Figures 4.5 a-c: Chromatograms illustrating the dissolution of Stablebond 
Silica after a prolonged exposure to superheated water at 175°C. a) initial 
injection, b) after 12 hours, c) after 48 hours. Peak identification 1) p-
cresol, 2) acetophenone, 3) N-ethylaniline. 
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The mechanism for the dissolution of silica under basic conditions is as follows: 
firstly hydroxyl ions, OH-, are chemisorbed onto the surface of the silica; this 
effectively increases the co-ordination of the silicon atom to more than four and 
subsequently weakens the oxygen bonds to the underlying silicon atoms [150]. 
The silicon atom then goes into solution as the silicate ion, Si(OH)5-. If the pH of 
the water is much below 11 , then the silicate ion hydrolyses to soluble silica, 
Si(OH)4, and OH- ions and the process is repeated (Figure 4.6). 
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Figure 4.6: The proposed mechanism of dissolution of silica in the 
presence of hydroxyl ions. The dotted line represents the interface 
between silica on the left and water on the right. 
4.2.3 BetaBasic RP - Silica column 
BetaBasic reversed phase columns are comprised of a silica base material with 
a dense ligand bonding arrangement giving a carbon content between 13 and 
20% w/w [11 0]. The manufacturer's claim that such a high ligand bonding 
density imparts added stability to the silica material at low pH [155]. Access to a 
C-4 and a C-8 derivatised column's was available. A test mixture comprising 
benzyl alcohol, p-cresol, acetophenone, N-ethylaniline, and toluene was chosen 
to evaluate the two columns. The C-8 column was tested first. A temperature of 
125°C was initiaiJy chosen to elute the most hydrophobic component in the test 
mixture (toluene) within a reasonable time period (< 45 minutes). All of the 
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components of the test mixture were baseline separated at this temperature. The 
first two injections seemed quite reproducible at first, so the column was left to 
purge with the superheated mobile phase at this temperatu-re overnight for a 
period of 15 hours. Figure 4. 7 shows the chromatograms of the original injection 
and after the 15-hour purge. lt is immediately noticeable that the retention times 
for all the components have dropped significantly. In addition it is also noticeable 
that the efficiency of the separation has also been seriously impaired. These two 
points are illustrated more clearly in Figure 4.8, where the plots of these losses 
in both retention and efficiency have been plotted against the volume of mobi le 
phase purge. Testing of the C-4 column produced similar results. Because of 
these poor results further studies on these columns part were not followed up. 
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Figure 4.7. Chromatogram of test mixture on silica Beta8asic-C8, 5 J.i (200 x 
2.0 mm). Mobile Phase, 100% H20, 0.2 ml/min (200 J.illmin) @125°C, 
injection volume 1 J.il, UV @ 254 nm. Peak assignment (in order of elution): 
benzyl alcohol, p-cresol, acetophenone, N-ethylaniline, and toluene. 
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Figure 4.8: A plot of the volume of purged superheated water vs. the 
retention factor for acetophenone & the efficiency of the peak. 
Chromatography conditions as in Figure 4.7. 
4.2.4 ACT-1 Material 
The ideal stationary phase for use with superheated water would have the 
stability of a polymer-based phase in conjunction with the well-known selectivity 
and efficiency of bonded silica phases. A phase that is commercially available, 
consisting of a divinylbenzene packing derivatised with a C-18 alkyl chain, 
seemingly meets these criteria. The trade name for this material is ACT-1 . This 
added C-18 functionality is said to give better peak symmetry than underivatised 
PS-DVB gels and also to give selectivities similar to silica C-18 materials. 
Because the functional group is connected via a C-C bond, it should be resistant 
to hydrolytic attack at low pH. lt was also thought that because the support 
backbone was made of PS-DVB, there would be no dissolution problems at high 
pH. Although this material has been commercially available for several years, it 
has only received relatively scant attention in the literature [156-157]. 
At a first inspection this derivatised material sounded like the ideal phase for use 
with a superheated water mobile phase, incorporating the pH stability of polymer 
62 
Chapter4 Preliminary Investigations 
packings with the expected selectivity of silica bonded ODS. However, initial 
testing on a previously used column of unknown history, produced very poor 
results (see Figure 4.9). The same set of phenols were analysed (phenol, m-
methoxyphenol, and m-cresol) and only minimal resolution was achieved. Indeed 
only two incompletely resolved peaks were observed. The reason for this poor 
performance remains unclear. One plausible reason could be that this phase is 
suffering from the same phenomenon as seen with the Stablebond material i.e. 
collapsing C1s ligands. The totally hydrophobic support would make the surface 
difficult to "wet" adequately. lt may well be the case that this particular packing is 
totally incompatible with a purely aqueous mobile phase. The unknown history of 
the column also adds to the confusion; it may well have already been damaged 
in some way, thus resulting in the poor performance seen. Unfortunately another 
column of this type was not available for further study. 
1.67 mV 
1. 
2 4 6 8 10 
Minutes 
Figure 4.9: Separation of phenols on ACT-1. Conditions: 100% H20 at 1.0 
ml/min, 180°C, UV @ 254 nm. Peak identification: 1) phenol, 2) m-
methoxyphenol, and 3) m-cresol. 
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4.3 Compound Stability 
Column stability is not the only concern we have when using a superheated 
water mobile phase. The compounds that are eluted through the column should 
also be stable towards hydrolytic attack. Fortunately a large majority of organic 
compounds have been shown to be immutable in superheated water for a 
significant length of time (see Chapter 2). During the course of this project a 
number of compounds with different functional groups were tested for reactivity, 
from rather polar phenolic compounds to medium polarity ketones and chloro 
species, to non-polar alkylbenzenes. These types of compounds could be 
expected to undergo a number of different reactions in the superheated medium. 
For example phenols and anilines would be oxidised to quinones, and under 
more severe conditions ketones would be expected to undergo oxidation to 
acidic species in a high temperature environment [53]. Esters and amides may 
also be expected to undergo hydrolysis reactions considering the amphoteric 
nature of superheated water [41 ,55]. At higher temperatures still , alkylbenzenes 
can undergo a whole series of reactions to form a number of different 
decomposition and rearrangement products [56]. 
4.3.1 Decomposition of nitrobenzene 
Some interesting results were obtained during column efficiency studies 
conducted on the PLRP-S column using nitrobenzene as the probe solute. To 
show the effect of mobile phase flow velocity on the efficiency of the 
nitrobenzene peak, a range of volumetric flow rates were used. Figure 4.10 
shows the contrasting results at two different flow rates, 1.0 and 0.3 ml/min. 
From this chromatogram it can be immediately seen that the nitrobenzene peak 
response for the 1.0 ml/min plot is much greater than for the 0.3 ml/min plot. 
Measuring the peak areas identifies this discrepancy more clearly. For the 1.0 
ml/min plot the peak area was measured at 758,435 counts, whereas for 0.3 
ml/min plot the area was measured at just 158,308 counts, a loss of some 
600,000 counts. Looking at the 0.3 ml/min chromatogram reveals evidence of 
solute degradation. Before the appearance of the nitrobenzene peak, a gradual 
but definite plateau is seen, strongly indicative of compound decomposition. 
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Although a plateau is also seen with the faster flow rate of 1.0 ml/min, it is not 
nearly as large compared to the 0.3 mllmin analysis. Presumably this is a result 
of the longer residence time that nitrobenzene experiences in the reactive 
medium, allowing greater degradation. 
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Figure 4.10: Analysis of nitrobenzene at two different volumetric flow rates. 
Conditions: column PLRP-5, 5p, (250 x 4.6 mm) mobile phase: superheated 
water@ 225 ac, injection volume 10 pi in each case. 
Further supporting evidence for the decomposition of nitrobenzene in a 
superheated aqueous medium is shown in Figure 4.11 , which shows a 
comparative analysis for nitrobenzene and acetophenone at 250 °C. As can be 
seen there is a clearly defined raised plateau baseline in the nitrobenzene 
chromatogram but no such baseline distortion for acetophenone. If anything, 
acetophenone may well be expected to oxidise under such conditions [158] but 
because there were no extraneous peaks it is surmised that no degradation has 
occurred. 
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Figure 4.11: Chromatograms of nitrobenzene and acetophenone with a 
superheated water mobile phase @ 250 °C. Conditions: column PLRP-5, 
5J.l, (250 x 4.6 mm) 1.0 mllmin. 
Lee and Park showed that in the absence of oxygen, nitrobenzene decomposed 
in supercritical water at 440 oc to form primarily benzene and nitrite (N02} 
However, in the presence of oxygen, nitrobenzene was shown to decompose 
into a whole range of end products, including aniline, phenol, 2- (2-pyridinyl) -
benzonitrile and dibenzofuran. lt is unsure what products are forming when 
nitrobenzene is introduced to the superheated water chromatograph. A sample 
from the plateau region was collected at the outlet of the back-pressure regulator 
but the GC-MS results obtained were inconclusive, due to problems inherent 
with the MS detector at the time of sampling. This really needs to be followed up 
to determine what decomposition products our actually forming from 
nitrobenzene in the superheated water chromatograph. 
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4.4 Chromatographic Hardware Stability 
The last concern when using a superheated aqueous mobile phase is the effect 
it will have on the chromatographic hardware. This hardware includes such 
peripherals as the connecting tubing and integral component parts of the column 
itself, including the end fittings and frits. These parts are usually constructed 
from 316 stainless steel, which is specified as being highly corrosion resistant. 
Nevertheless during prolonged exposure to the superheated water mobile phase 
some discoloration to the end of the 316 stainless steel tubing was noticeable. 
This discoloration is indicative of some sort of corrosion activity. Stainless steel 
tubing specially treated (to passivate) with nitric acid was also tried, but with the 
same consequences. Other tubing materials are available for HPLC such as 
titanium and PEEK (poly,ether,ether,ketone) but these were not tried. Anyhow it 
is suspected that the PEEK tubing would not be suitable at the temperatures of 
operation [159]. 
Although the discoloration of the stainless steel tubing may be deemed a 
problem, it did not seem to affect the chromatography of the solutes to any great 
extent. However, the corrosion of the end frits was a cause for serious concern. 
4.4. 1 Frit Corrosion 
The frits that are used in HPLC columns are commonly constructed from 
sintered-steel particles that allow for a large filtering capacity. Their porosity is 
typically around 30-40%. This porosity, and therefore large surface area, leads to 
a more likelihood of chemical attack from the superheated aqueous mobile 
phase. Although quoted as being fairly corrosive resistant, even stainless steel is 
oxidised in a superheated water environment [27,51]. lt was found that that 
because the frits are so porous then the likelihood of rusting is great. Rusting of 
the frits is detrimental to column performance as particles of iron oxide can 
contaminate the column bed eventually leading to a column end void [160]. 
Immediately below this void was packing material contaminated with rust as 
illustrated in Figure 4.12. lt is uncertain whether this rusting is the cause or just a 
consequence of void formation. Nevertheless when column damage was 
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suspected, a void was always found in conjunction with rust contamination. 
Titanium frits are now commercially available for HPLC columns, but these have 
to be specifically ordered when purchasing a column. Whether these frits could 
withstand chemical attack from superheated water remains uncertain. 
column end 
fitting 
unaffected packing 
material 
- --t-+ 
discoloured packing 
mJterial 
Figure 4.12: Illustration of the affects of rust contamination on the column 
bed material. 
The subsequent formation of a column inlet void has catastrophic effects on the 
performance of the column. The void itself contributes significantly to the dead 
volume of the chromatographic system, leading to a substantial loss in efficiency. 
Even a relatively small void (>0.6 cm3 ) will degrade efficiencies and peak shape. 
To illustrate, Figure 4.13 shows a chromatographic analysis of a barbiturate 
sample with superheated water as the mobile phase with and without the 
formation of an inlet void in the column bed. The detector response scale is the 
same for each chromatogram. Obviously the efficiency and peak shape has 
deteriorated extensively when the void has formed. The actual onset of this void 
is often quite sudden and unexpected. For instance these chromatograms were 
obtained only 30 minutes apart. When the column was opened a void was found; 
to a depth of about 3 mm or more. 
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Figure 4.13: Impact of column end void on chromatography of barbiturates. 
a) no void, b) column void. Condi tions: PLRP-5, 8J..1., (150 x 4.6 mm) 100% 
H20 at 1.0 ml/min, 200°C. Peak identificat ion 1) barbitone, 2) 
phenobarbitone, 3) talbarbitone, 4) amylobarbitone, 5) heptabarbitone. 
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In most cases one can tell immediately when a void has been formed, because 
the peak shape deteriorates sharply. The problem of void formation is 
exasperated when no mobile phase is flowing through the column, and the 
column is then just being purely heated. Extreme care must be taken when 
cooling the column down to ensure mobile phase continually flows through the 
column until it reaches room temperatures. In this way column damage is 
avoided. Columns that are left at high temperatures, without mobile phase 
flowing through them are often irreparable. The reason for this is unclear, but it 
may be that this heating phenomena has created a centre void in the middle of 
the column, which extremely difficult to repair. Although a void can be repaired, 
by refilling the top of the column with a slurry of equivalent packing material , the 
original performance of the column can never be fully restored. 
4.5 Summary 
Much of this chapter has dealt with problems encountered due to the reactive 
nature of superheated water and its subsequent effects on the chromatography. 
lt has come to light that silica based reversed phase columns are unsuitable for 
use with superheated water chromatography. However, other column materials, 
commercially available, based on polymer and carbon chemistries are stable in a 
superheated water environment. On the whole most of the compounds studied in 
this system have proved to be relatively stable except for the notable exception 
of nitrobenzene. Finally consideration must be given to the stability of the 
chromatographic hardware. Although quoted as being relatively corrosive 
resistant, 316 stainless steel has shown to be susceptible to some form of 
corrosion from superheated water. The most dramatic consequence of this 
corrosion is when the column frits become rusted which ultimately leads to 
degradation of the column bed itself and poor column performance. Frits made 
from titanium may well prove to be more corrosion resistant to chemical attack 
from superheated water, and thus provide long term stability to the 
chromatograph. 
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5.1 Introduction 
The retention mechanism in RP-HPLC is still not fully understood and two main 
theories, the so called solvophobic and partitioning theories, have been 
developed to explain the separation mechanism on chemically bonded, non-
polar siliceous phases [161 ]. The oldest theory is the solvophobic theory 
(formerly known as the hydrophobic theory) and it was introduced to RP-HPLC 
by Horvath et al. [162]. In this theory retention is related primarily to solvophobic 
interactions between the solutes and the mobile phase. A two-step mechanism 
operates whereby a solute sized cavity is created in the mobile phase by the 
hydrophobic portion of the analyte, and transfer of the solute occurs to or from 
this cavity [163]. The stationary phase is said to play only a passive role in the 
solvophobic theory, when the solute binds to the surface it reduces the surface 
area of analyte exposed to the mobile phase. Hence, solutes are retained more 
as a result of solvophobic interactions with the mobile phase than through 
specific interactions with the stationary phase. 
The partitioning model of retention considers more explicitly the role of the 
stationary phase in retention process [164-165]. The solute is thought to become 
fully embedded in the hydrocarbon bonded phase chains, rather than adsorbed 
on the surface, and therefore is considered to be partitioned between the mobile 
phase and the "liquid-like" stationary phase. lt draws support from the fact that 
there is good correlation between retention in RP-HPLC and the octanol-water 
partition coefficient (166-167]. 
The explanation for selectivity in RP-HPLC can be semi-qualitatively explained 
by the solvophobic theory. The differences in interactive energies between 
nonpolar and polar solutes with the mobile phase and the differences in 
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solvophobic molecular surface areas are responsible for the functional group 
selectivity observed in RP-HPLC [168]. Thus if the stationary phase is kept 
constant, chromatographic selectivity is achieved by altering the principal 
components of the mobile phase; which for RP-HPLC involves changing the 
organic modifier. For instance changing the organic solvent in the mobile phase 
mobile phase from methanol to acetonitrile will impart different interactive 
energies between the solute and the mobile phase. lt is these differences in 
interactive energies that may bring about the desired selectivity for a successful 
separation. The use of a pure superheated water will add a further dimension to 
mobile phase optimisation (selectivity) studies. 
lt is not the case for this chapter to disclose evidence for one theory or the other, 
but to instead investigate the effect that superheated water has on retention and 
selectivity in RP-HPLC. Retention and selectivity characteristics of the stationary 
phases that proved the most stable, namely PS-DVB (PLRP-S) and PGC 
(Hypercarb) have been studied in depth. Another phase, based on zirconia (that 
became available late on in the project) was also looked at. Theories developed 
for non-polar siliceous phases may well be entirely different or inappropriate for 
consideration for the stationary phases named above. 
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5.2 Studies on PLRP-S 
5.2.1 Introduction 
Poly(styrene-divinylbenzene) (PS-DVB) based packing materials were originally 
developed for size exclusion chromatography of industrial polymers [169]. They 
are prepared by cross-linking radical polymerisation of styrene and 
divinylbenzene monomers (Figure 5.1 ). The resulting network structure of PS-
DVB is complex because all three divinylbenzene isomers (i.e. o-, m-, and p-) 
are used in their preparation. This network structure is made more complex as 
industrial grade divinylbenzene also contains ethylvinylbenzene. 
/ / 
- CH-CH-CH-CH-CH-CH-CH-CH-
2 2 2 I 2 2 
styrene divinylbenzene 
(+ o- and m- Isomers) 
Figure 5.1: Schematic structure of PS-DVB. 
The amount of divinylbenzene added for the reaction determines the degree of 
cross-linking and hence the pore structure. PS-DVB containing less than 6% 
divinylbenzene are not pressure stable and cannot be adequately used as HPLC 
materials. Semi-rigid PS-DVB with 8% divinylbenzene is stable up to 
approximately 60 bar. They change their bed volume depending on solvent and 
ionic strength. Rigid PS-DVB gels are highly crosslinked and are stable at 
pressures up to 350 bar, making them usable for RP-HPLC. 
73 
ChapterS Retention and Selectivity Study 
A further classification used to distinguish the various types of PS-DVB used for 
LC, is to describe them as being either macroeticulate or microeticulate. 
Microeticulate PS-DVB is less crosslinked. They are nonporous in the dry state 
and acquire a pore volume only by imbibing a solvent. Thus the pores are 
formed by the holes in the crosslinked polymer network. These packings are 
designed largely for the size exclusion of small molecules and oligomeric 
analytes [170]. They are generally not suitable for RPLC, as they are not 
mechanically stable at high pressures and swell and shrink with frequent solvent 
changes. 
Macroeticulate PS-DVB is different in that the pores are not formed by a 
network, but rather by the spaces between "fused" microspheres of solid polymer 
[171). The pore size of the packing is determined by the size of spherules that 
form its skeleton, and the size of the spherules, in turn, is determined by the 
preparation of the polymer. The spaces between these microspheres are 
composed of macropores (dpore > 50 nm) and mesopores (2 nm <dpore < 50 nm); 
whereas the solid polymer matrix itself is microporous (dpore s 2 nm) [172]. The 
micropores can be thought of as interstices between the polymer chains [173]. 
Large particle (spherules) macroeticulate PS-DVB packings are used for size 
exclusion chromatography [174], whereas smaller particle packings can be used 
for RP-HPLC [1 75-176]. 
The base PS-DVB matrix consists nearly entirely of aliphatic and aromatic 
hydrocarbons (some amount of radical initiator is always incorporated into the 
matrix). Therefore it is extremely hydrophobic and hydrolytically stable from pH 1 
to 14. A dry powder is not wetted by water; that is to say the microporous 
structure is closed or unavailable when separations are carried out with mobile 
phases with a high water content [173]. In this aspect water does not swell the 
packing at all. However, organic solvents, even polar ones such as methanol, 
wet the packing and swell the matrix. To improve a polymer's wettability a 
number of workers have modified PS-DVB by bonding hydrophilic groups to the 
surface [177-179]. These materials subsequently swell very little when changing 
from aqueous to organic solvent mobile phases. 
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lt has been previously mentioned that the polymer matrix is sensitive to the type 
of solvent used. Polar organic eluents such as alcohols seem to be particularly 
weak eluents [180). Smith and Garside compared the solvents THF, ACN and 
MeOH as modifiers on PLRP-S with respect to solvent strength and efficiency 
[181). MeOH was by far the weakest eluent; for example a (90:10) MeOH-H20 
solution was only equivalent to a (70:30) ACN-H20 and (40:60) THF-H20 mobile 
phase. As a comparison, on an ODS silica column a (40:60) THF-H20 mobile 
phase was found to be equivalent to (50:50) ACN-H20 and (70:30) MeOH-H20 
[182). MeOH was also shown to give poor efficiencies with distorted tailing 
peaks. Other researchers have also found that MeOH is a weak solvent on PS-
DVB whereas THF is anomalously strong [183-185). The reason for this 
observed anomaly is that polar solvents such as methanol have very little affinity 
with the totally hydrophobic polymer surface and are therefore not able to 
penetrate (swell) the pores of the polymer as effectively as nonpolar solvents 
[1 86). lt is postulated then that superheated water will be weaker mobile phase 
still on this column material. 
5.2.2 Void Volume Determination 
This effect of polymer swelling can be seen through measurements of the 
column void volume ( Vo), where: 
Vo = F to (5.1) 
and F is the volumetric flow rate (ml/min) and to is the retention time of an 
unretained solute marker (min) giving units of (ml) for V0. Table 5. 1 shows void 
volumes calculated in this study with superheated water as the eluent and 
compares it to previous values found with organic mobile phases. lt can be seen 
that values obtained with superheated water correspond reasonably well with 
values for various aqueous organic mobile phases. From these results it can be 
surmised that superheated water at 200 °C, for instance, may have a similar 
solvent strength to a 30% aqueous ACN solution. As expected aqueous 
methanol mobile phases give slightly larger V0 values although there is a 
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noticeable difference between the value recorded in this work for a 50:50 MeOH-
H20 mix and the other MeOH-HzO mobile phases that were referenced. 
Table 5.1: Column Void Volume Determinations with Different Mobile 
Phases on PLRP-5 100, 5p. 
Mobile Phase to marker Vo/ (ml) Ref. 
Water @ 150 oc uracil 1.66 This work 
" @ 160 oc " 1.63 " 
11 @ 170 oc 11 1.59 " 
" @ 180 oc " 1.56 " 
" @ 190 oc " 1.53 " 
" @ 200 oc " 1.50 " 
ACN-HzO (30:70) " 1.47 " 
ACN-HzO (25:75) " 1.50 11 
ACN-HzO (20:80) " 1.53 " 
ACN-HzO (15:85) " 1.57 " 
MeOH-HzO (50:50) " 1.64 " 
ACN-HzO (40:60) " 1.44 [184] 
MeOH-H20 (60:40) " 1.74 " 
THF-H20 (40:60) " 1.51 " 
ACN-HzO (70:30) sodium nitrate 1.53 [182] 
MeOH-H20 (90: 1 0) " 1.72 " 
THF-HzO (40:60) " 1.46 " 
The determination of V0 (or alternatively to) is important in retention studies as it 
is used to determine the retention factor of the solutes according to equation 3.1. 
Errors found in determining to will be reflected in the retention factor. 
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5.2.3 Retention of Simple Aromatics with Respect to Temperature 
lt was previously discussed, in Chapter 2, that the effect of temperature on 
retention can be given by the general equation: 
!!Ho ~so 
Ink = ---+--+ In~ 
RT R 
(5.2) 
An increase in temperature (T), therefore, would decrease retention so long as 
D.H0 /RT > ~SO/R + In p and is positive. If one were to plot In k versus 1/T (called 
a van't Hoff plot) a linear plot would be obtained with a slope of -!!H0 /R and an 
intercept of D.SO/R + In p. From this plot the temperature dependence on 
retention could be determined so long as D.H0 is invariant temperature. Such a 
plot also provides a convenient method for determining the thermodynamic 
constants for the transfer of the solute from the mobile phase to the stationary 
phase i.e. ~Ho and !!SO respectively. Although D.H0 can be easily calculated from 
the slope of a van't Hoff plot, !!So is more difficult to determine due to the 
difficulty and/ or ambiguity in determining the phase ratio (p) of a given column 
[84]. For this reason most temperature studies in RP-HPLC have not calculated 
the quantity ~SO. 
To test the temperature dependence of retention with superheated water, a set 
of aromatic test compounds were selected with different functional groups, so 
the effect of temperature on functional group selectivity could also be 
considered. The compounds selected were, in order of subsequent elution from 
the PLRP-S column, benzamide, phenol, acetophenone, anisole, 
methylbenzoate, N-ethylaniline, and toluene. These compounds were initially 
chosen because they had been investigated before on this stationary phase with 
conventional aqueous organic mobile phases, and because they could reflect the 
effects of electron-donation, electron-acceptance, dipole-interactions between 
solute and the mobile phase [181 , 186-187]. However, nitrobenzene was omitted 
due to its instability encountered with a superheated water mobile phase (see 
Section 4.3.1 ). An aromatic alcohol was also not chosen as a test solute either 
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due to problems with double peaks. This particular phenomenon will be 
discussed later in this chapter. 
Table 5.2 lists the retention times and calculated retention factors of the test 
solutes between 200 and 240 °C. The to marker was the time taken for uracil to 
elute from the column at the temperature of interest. 
Table 5.2: Retention times and retention factors for selected aromatic test 
solutes on PLRP-5, 5p, (250 x 4.6 mm). 
benzamide phenol acetophenone anisole methyl N-ethylaniline toluene 
benzoate 
200 oc 
to (min) 2.60 2 .60 2 .60 2 .60 2 .60 2 .60 2.60 
tR (min) 4 .82 6 .73 26.58 46.35 53.83 68.02 87.55 
k 0 .85 1.59 9 .22 16.83 19.70 25.16 32.67 
210 oc 
to (min) 2.58 2.58 2.58 2.58 2 .58 2.58 2 .58 
tR (min) 4 .36 5.91 19.96 33.64 37.83 47.75 61 .66 
k 0 .69 1.29 6.74 12.04 13.66 17.51 22.90 
220 oc 
to (min) 2.56 2.56 2.56 2 .56 2.56 2.56 2 .56 
tR (min) 3.98 5.25 15.34 24 .81 27.18 34.32 43.87 
k 0 .55 1.05 4 .99 8.69 9.62 12.41 16.14 
230 oc 
to (min) 2.54 2.54 2 .54 2 .54 2.54 2.54 2 .54 
tR (min) 3.69 4 .72 12.10 18.91 20.18 25.33 32.21 
k 0.45 0.86 3 .76 6.44 6.94 8.97 11 .68 
240 °C 
to (min) 2.52 2.52 2 .52 2 .52 2.52 2 .52 2.52 
tR (min) 3.42 4 .28 9.62 15.08 14.55 18.87 23.77 
k 0.36 0 .70 2 .82 4.98 4.77 6 .49 8.43 
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From Table 5.1 it is immediately noticeable that relatively high temperatures are 
needed to elute off highly nonpolar species, such as toluene. If the dielectric 
constant is used as a crude measure of solvent polarity, then at 240 ac the 
dielectric constant of water is approximately equivalent to a 70% aqueous ACN 
solution (see section 1.4). At 240 ac the retention factor for toluene in 
superheated water is 15.28 whereas the data of Smith and Garside report a 
retention factor of 3.67 for a 70 % ACN mobile phase (182]. lt appears that 
superheated water is a weak solvent on th is PS-DVB phase, much like the 
conclusions reached about methanol on this stationary phase. A recent paper 
from Yang et al. compared the elution of a range of organic solutes from different 
stationary phases, including XAD-4, a macroeticulate polymeric resin (188]. They 
found that temperatures in the range 100-200 ac were needed to elute chloro-
phenol species from this sorbent, whereas higher temperatures still (>250 °C) 
were needed to elute more non-polar species such as 1,2,4,5-
tetrachlorobenzene, n-decane and naphthalene. For very non-polar polyaromatic 
hydrocarbons (PAH's) such as pyrene and benzo[g,h,i]perylene, even steam at 
250°C was not a strong enough eluent to elute these solutes from XAD-4. The 
data also shows that there is a true reversed phase mode of separation 
occurring, with an elution order identical to ODS bonded silica i.e. polar species 
first and non-polar species eluting later. All solutes were eluted with good 
(Gaussian) peak shape. 
Figure 5.2 A-C) shows three chromatograms at 200, 220 and 240°C 
respectively. lt can be seen that at 200 ac toluene has a very long retention time, 
in excess of 90 minutes. The time for analysis of this aromatic sample set is 
significantly reduced at 240 ac to less than 30 minutes. lt is interesting to note 
that at 200 ac anisole elutes before methylbenzoate and both compounds are 
baseline resolved. The resolution between these two components is drastically 
reduced at 220 ac so that they are no longer baseline resolved. At 240 ac both 
components are almost eluting as a single peak, but methylbenzoate now elutes 
before anisole. This was confirmed with a single injection of anisole by itself. 
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Figure 5.2 A-C: Chromatograms of aromatic test solutes at various 
temperatures on PLRP-5. Peak Identification: 1) benzamide, 2) phenol, 3) 
acetophenone, 4) anisole, 5) methylbenzoate, 6) N-ethylaniline, 7) toluene. 
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Another important consideration to be derived from Figure 5.2 is the peak height 
response for each solute. The detector response scale (y-axis) is the same for 
each chromatogram so relative responses can be compared. lt is evident that 
the peaks are significantly higher as the temperature is increased, resulting in 
improved signal to noise (S/N) ratios. For example the peak height response at 
240 oc compared to the response at 200 °C, for acetophenone, is greater by 
about three fold. This detail would obviously have important ramifications in trace 
analysis. 
To gain an understanding of the effect of temperature on the retention process 
with a superheated water mobile phase on PLRP-S, plots of In (k) versus 1/T 
were made for the aromatic test solutes over the temperature range 200-240°C 
(see Figure 5.3). We can see from this plot that all of the solutes fit very wel l with 
against a linear correlation as evidenced by the ? values presented in Table 5.3. 
Because of this observed linearity one can assume that there is only one 
contributing mechanism that controls retention [82]. 
Table 5.3: Analysis of linear van't Hoff plots on PLRP-S with superheated 
water as the mobile phase. 
Solute tlH0 , /lH0 , 
? intercept ln(k)o kJ mor1 kcal mor1 
benzamide 0.9983 -11 .243 -43.64 - 10.43 
phenol 0.9995 -10.051 - 41 .37 - 9.89 
acetophenone 0.9999 -12.933 -59,60 - 14.24 
anisole 0.9992 -12.890 - 61 .75 - 14.76 
methyl benzoate 0.9991 -15.023 -70.83 - 16.93 
N-ethylaniline 1.0000 -14.1 16 - 68.19 - 16.30 
toluene 1.0000 -13.865 -68.24 - 16.31 
Since the van't Hoff plots were linear for each solute, it was possible to calculate 
llH0 • Table 5.3 also lists these calculated values. (llH0 was also calculated in 
kcal units so a comparison can be made with quoted values in the literature). A 
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review of the literature values for b.H0 shows a striking difference to values 
obtained in this study with superheated water. For instance Cole and Dorsey 
report a b.H0 value for toluene of - 2.87 kcal mor1 with a 60/40 ACN I H20 mobile 
phase on an ODS column with a bonding density of 1.60 ,umol/m2 [85]. Other 
researchers have reported similar b.H0 values (ranging from - 2 to - 4 kcal mor1) 
for the transfer of small, non-polar solutes from aqueous organic mobile phases 
to ODS stationary phases [189-190]. On a polybutadiene (PBD) coated zirconia 
phase Li and Carr also reported b.H0 values between - 2 to - 4 kcal mor1 [111 ]. 
These values quoted for b.H0 (enthalpy of transfer from the mobile phase to the 
stationary phase) in the literature are all significantly smaller (ignoring the 
negative sign i.e. absolute value), by between three and five fold, than the values 
obtained with superheated water in this study. For instance the b.H0 value for 
toluene was calculated at- 16.31 kcal mor1 in superheated water. This would 
suggest that the superheated water system is predominantly "energetically 
driven" system as described in section 2.3.1. From the results in Table 5.2 we 
can see that the thermodynamics of the system is dependent on the nature of 
the solute. Benzamide and phenol ~Ho (again considering the absolute value) 
values are approximately half that of the other solutes in this aromatic sample 
set. Both these solutes have hydrogen bonding sites that can interact strongly 
with the water mobile phase. Because the other solutes have larger enthalpies of 
transfer, the effect of increasing temperature is larger for these solutes, much 
like the effect seen for large molecules in HPLC [91]. As an illustration, the 
retention for toluene is decreased substantially by increasing the temperature 
from 200 to 240°C, whereas over the same temperature range the decrease in 
retention for phenol is much more modest. 
Although b.$ 0 values have not been calculated in this study, inferences can be 
made. Comparison with values calculated for the intercept at In (k)o also show a 
striking difference to values calculated with superheated water. Li and Carr 
report a value for In (k)o for toluene of -2.72. For toluene in superheated water, a 
value of- 16.31 was computed. Without a value for the phase ratio (/3) of the 
column then direct comparisons of entropy changes cannot be made. However 
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Figure 5.3: van't Hoff plots for aromatic test solutes on PLRP-S, with 
superheated water as the mobile phase 
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assuming that there is not a significant difference in phase ratio between these 
two columns, then the entropy of the superheated water system would be 
significantly lower than Li and Carr's system employing aqueous organic mobile 
phases. A lower entropy (increase in order) in a superheated water can also be 
explained by the hydrophobic effect on retention [164]. 
Interpretation of the van't Hoff plot in relation to the thermodynamic constants for 
the transfer of a solute from the mobile phase to the stationary phase (b.H0 and 
b.SO) lends support for the solvophobic (hydrophobic) theory of retention. This is 
shown schematically in Figure 5.4. 
C) C)<::) C) C) 1.@ 3. 
C) C) C) C) C) 
c:> ~ 2. J - t:.Ho 
-- ---
Figure 5.4: Solvophobic theory of retention on PLRP-5 with superheated 
water as the mobile phase. 
The solvophobic theory describes a three step mechanism for retention, which 
involves, as a first step, the creation of a solute sized cavity in the mobile phase 
(1 ). The overall driving force for retention in this system, is the transfer of the 
solute from this cavity to the stationary phase surface, as evident from the large 
enthalpy {-b.H0 ) contribution (2). The third step involves the closing of the solute 
sized cavity and a subsequent decrease in entropy (3). 
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To really val idate the experimental evidence and assumptions made in the 
preceding discussion then one really needs to extend the temperature of 
investigation for the superheated water system. For instance if the temperature 
range of study is extended, then deviations from linear van't Hoff behaviour has 
been noticed [84-85]. However, when the column was heated to 250°C the frits 
of the column became distorted and a void was formed at the column inlet. This 
again had drastic consequences on column performance as seen in Figure 5.5. 
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Figure 5.5: Analysis of aromatic sample set with superheated water at 
250°C after frit damage and subsequent void formation. Peak Identification: 
1) benzamide, 2) phenol, 3) acetophenone, 4) anisole, 5) methyl benzoate, 6) 
N-ethylaniline, 7) toluene. 
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5.2.4 Comparison of log kw data 
Log kw is a term developed for of the retention factor in pure water at a given 
temperature (usually assumed to be at room temperature or just above). lt is 
usually calculated as an extrapolated measurement according to the equation: 
log k = log kw - S ,<pa (5.3) 
where <pa is the volume fraction of an organic modifier B, while S,. is a parameter 
directly related to the strength of the organic solvent and the nature of the solute. 
Larger S, values lead to a faster decrease in the retention factor as the volume of 
organic volume fraction is increased. For small molecules, S, values for 
methanol and acetonitrile on a bonded ODS phase generally ,in the range 2 - 4 
[191 ]. Snyder et al. reviewed the literature to evaluate equation (5.3) and 
concluded that a linear relationship normally exists [1 92]. 
Because the data calculated for the van't Hoff plots was linear for the aromatic 
test solutes, it should be possible to calculate (from the equation of the straight 
line) log kw for each solute by extrapolating back to ambient temperature. For 
example, for phenol the equation for the linear van't Hoff plot was: 
Ink= 4976.5 x -10.051 . 
where x is the variable 1/T. Assuming an extrapolated measurement back to 
40°C (remembering to use the Kelvin scale for T, i.e. 313K) and putting this 
value into the above equation one obtains: 
In kw= 5.848 
:. kw =346.666 
and log10w k = 2.54. 
This calculation was made for each solute and compared to publ ished data in 
the literature (see Table 5.4) 
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Table 5.4: Comparison of log kw data calculated in this study and literature 
data on PLRP-5. 
Solute 
benzamide 
phenol 
acetophenone 
toluene 
This study on 
PLRP-S 
2.40 
2.54 
4.33 
5.37 
a taken from reference [193] 
b taken from reference [194] 
Extrapolated log kw 
PRP-1 with PLRP-S with 
MeOHIH20 eluenta MeOHIH20 eluentb 
1.55 
2.4 2.35 
2.9 
4.2 4.54 
An inspection of the comparative data in Table 5.4 shows that log kw values 
computed in this study are all higher than values determined elsewhere using 
extrapolated values from aqueous organic mobile phases. Only the log kw value 
for phenol comes close to the values the other researchers have reported. The 
reason for this discrepancy is unclear, although it has been highlighted, that 
extrapolated values depend strongly on the range of experimental k values and 
on the range of organic solvent concentrations used for the determination of the 
experimental data points [195]. The accuracy of predicted extrapolated log kw 
improves as the concentration range of organic modifier approaches zero (195]. 
5.2.5 Aromatic Alcohols 
lt was previously mentioned that an aromatic alcohol was not chosen as a part of 
the aromatic sample set because of problems of double peaks occurring on 
analysis. This is shown in Figures 5.6 a and b) for benzyl alcohol and 2-
phenylethanol respectively. Both chromatograms give two peaks with a common 
smaller peak at - 18.60 minutes. A explanation for this common peak is difficult. 
If oxidation was occurring then the oxidation products, benzaldehyde and 2-
phenylethanal, would surely have different retention times. lt is not apparent 
whether the first peak eluting from each chromatogram is either the alcoholic or 
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an oxidised aldehyde species. These first peaks are obviously different species 
as they give different retention times, at 9.00 and 14.82 minutes for benzyl 
alcohol and 2-phenylethanol respectively. A common peak (species) seems to 
suggest some sort of common degradation product is present. This phenomenon 
needs further investigation to ascertain the species present. 
Figure 5.6 a) benzyl alcohol 
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Figure 5.6: Chromatograms of aromatic alcohols on PLRP-S with 
superheated water as the mobile phase @ 200°C. UV detection @ 254 nm. 
88 
Chapter5 Retention and Selectivity Study 
5.2.6 Selectivity of Phenolic Compounds 
Operation at high temperatures (>240°C) was seen to damage the column frits, 
therefore a new column, fitted with titanium frits, was installed. A shorter column 
was chosen in order to reduce unnecessarily long retention times. Because of 
the relatively large retentions (even at high temperatures) encountered for the 
aromatic solutes with a superheated water mobile phase on PLRP-S, a set of 
more polar solutes were chosen to study the effect on selectivity. Phenols were 
chosen as a new set of test solutes due to the OH functionality imparting polar 
character; and therefore (hopefully) lower retention factors. 
By looking at a range of phenols with different functional groups one can 
determine the group selectivity with respect to different eluents. Group selectivity 
can be defined as the relative retention of a compound bearing a functional 
group of interest with respect to a homologous parent compound without that 
group. For instance the selectivity for a methyl substituent at position four on an 
aromatic ring can be made by comparing the relative retention of phenol and p-
cresol. Using this approach, Karger et al. determined the effect of eluent 
composition on the methylene group and other functional group selectivity of 
RPLC systems [167]. Other researchers have found that changing eluent 
composition affects methylene group selectivities differently from the selectivities 
of other functional group substituents [197 -198]. For this reason the selectivity of 
a superheated water mobile phase was compared to a conventional aqueous 
ACN mobile phase. 
A set of phenolic compounds with different functional groups was chosen 
according to availability. These were in order of elution with superheated water 
at 200 oc: hydroquinone, cyanophenol, phenol, p-methoxyphenol, p-cresol, 3,5-
xylenol, 2,4 xylenol, and p-bromophenol. Because of project time constraints, 
only two temperatures were studied with superheated water; these were 185 and 
200 oc respectively. The retention factors and selectivity for the phenolic set of 
compounds on PLRP-S were compared with results with two different aqueous 
organic mobile phases containing 25 and 30% v/v ACN. The results for all four 
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different mobile phases are outlined in Tables 5.5 and 5.6. The to marker for the 
calculation of the retention factor was taken as the retention time for uracil to be 
eluted from the column. 
Table 5.5: Retention times and calculated retention factors for phenolic 
solutes containing different functional group substituents with four 
different mobile phases. 
Phenolic solute H20 @185 oc H20 @200 oc 25% v/v ACN 30% v/v ACN 
tR k tR k tR k tR k 
hydroquinone 1.82 0.18 1.72 0.15 1.97 0.31 1.87 0.27 
p-cyanophenol 3.62 1.35 2 .89 0.93 4.36 1.91 3.36 1.29 
phenol 4.96 2.22 3 .95 1.63 5.02 2.35 3.97 1.70 
p-methoxyphenol 5.65 2.67 4 .29 1.86 4.43 1.95 3.53 1.40 
p-cresol 9.92 5.44 7.03 3.69 7.78 4.19 5.61 2.82 
p-bromophenol 13.92 8.04 9.08 5.05 15.24 9.16 9.68 5.59 
3,5 xylenol 21 .63 13.05 13.77 8.18 12.92 7.61 8.38 4.70 
2,4 xylenol 26.40 16.14 16.53 10.02 15.44 9.29 9.95 5.77 
Table 5.6: Observed selectivity for phenolic solutes containing different 
functional group substituents with four different mobile phases. 
Phenolic solute H20@ H20@ 25% ACN 30% ACN 
185°C 200°C v/v v/v 
a a A aa a a A ab 
hydroquinone - - - - - -
p-cyanophenol 7.43 6.32 -1 .11 6.09 4 .73 -1.36 
phenol 1.64 1.76 0.12 1.23 1.32 0.09 
p-methoxyphenol 1.20 1.14 -0.06 0.83 0.82 -0.01 
p-cresol 2.04 1.98 -0.06 2.14 2.01 -0.13 
p-bromophenol 1.48 1.37 -0.11 2 .19 1.98 -0.21 
3,5 xylenol 1.62 1.62 0.00 0.83 0.84 -0.01 
2,4 xylenol 1.24 1.22 -0.02 1.22 1.23 -0.01 
a A a= a for 200°C- a for 185°C. 
b A a= a for 30% ACN- a for 25% ACN. 
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By choosing phenol as the homologous parent compound the effect of different 
functional groups on retention and selectivity could be described in the four 
different mobile phases. The composition of the ACN containing mobile phase 
was initially chosen because the retention times for the phenol with superheated 
water at 185 and 200°C closely matched the retention times with 25 and 30% 
ACN v/v. For example the retention time for phenol with superheated water at 
200°C is 3.95 minutes, and in a 30% ACN w/w mobile phase it is 3.97 minutes. 
As a direct comparison, Figure 5.7 plots log k for each phenolic solute in 
superheated water at 200°C and 30% v/v aqueous ACN mobile phases. The 
diagonal line represents points where the retention factor of a solute is identical 
in each mobile phase. Points above th is line have a greater retention in 
superheated water than in 30% ACN v/v. Likewise points below this line have a 
greater retention in 30% ACN v/v than in superheated water. Of all the solutes, 
only phenol lies on or close to this line. 
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Figure 5.7: Plot of log k (for phenolic solutes) in superheated water at 
200°C versus log k in ACN-H20 (30:70 v/v). The eluites are 1) 
hydroquinone, 2) p-cyanophenol, 3) phenol, 4) p-methoxyphenol, 5) p-
cresol, 6) p-bromophenol, 7) 3,5-xylenol, 8) 2,4 xylenol. 
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lt can be seen from Figure 5. 7 that phenols substituted with relatively polar 
functional groups (-OH, -CN and -Br) have a lesser retention on PLRP-S with 
superheated water as the mobile phase. On the other hand non-polar 
substituents ( -OCH3 and CH3) increase retention on PLRP-S with superheated 
water as the mobile phase. For the xylenols, this increase in retention is even 
more pronounced. This behaviour shows that superheated water is still a 
relatively polar solvent at high temperatures compared to aqueous ACN on 
PLRP-S. Figure 5.7 also reveals a difference in elution order between 
superheated water and 30% ACN v/v, and this is shown more succinctly in the 
chromatograms of Figure 5.8. In the superheated water mobile phase, p-
methoxyphenol elutes after phenol, but in the aqueous ACN mobile phase p-
methoxyphenol is retained less strongly than phenol and so therefore elutes 
before phenol. The exact reason for this difference in elution order is unclear, 
although it has been theorised that solutes with relatively large 
polarizability/dipolarity (n*) values (i .e. p-methoxyphenol) are relatively more 
retained on PLRP-S than solutes with smaller n* values [186]. However it might 
well be expected that phenol would have a greater affinity towards the aqueous 
environment of the mobile phase, and so therefore elute before p-
methoxyphenol. Figure 5.8 also shows that difference in selectivity for the two 
xylenols. In superheated water both these two solutes are much more strongly 
retained than p-bromophenol but in 30% w/w ACN; p-bromophenol elutes before 
3,5-xylenol and close to 2,4-xylenol, so that both solutes are seen to eo-elute. 
The plot in Figure 5.9 shows the variation in log k values for the multi-functional 
phenols with each different mobile phase. We can see that a change in either 
temperature with superheated water, or a change in the % of ACN does not 
affect selectivity significantly i.e. the line follows a simi lar path for each 
respective solvent system. lt would be interesting to compare the results for 
these mobile phases with other organic modifiers (i. e. MeOH and THF) but 
unfortunately time constraints for the ongoing project did not allow this. 
92 
ChapterS 
1. 
E 
c: 
0 
CO 
N 
@ 
Q) 
VI 
t: 
0 
c. 
VI 
~ 
> 
::J 
3. 
0 
1. 
E 
c: 
0 
CO 
N 
@ 
Q) 
(/) 
c: 
0 
c. 
(/) 3. Q) 
... 
> 
::J 
0 
5. 
4. 
5 
5. 
5 
Retention and Selectivity Study 
A) Superheated water @200°C 
10 
Time I minutes 
10 
Time/ minutes 
15 20 
B) 30% ACN 
15 20 
Figure 5.8 A & 8: Chromatograms of phenolic functional group series with 
different mobile phases. Peak identification: 1) hydroquinone, 2) p-
cyanophenol, 3) phenol, 4) p-methoxyphenol, 5) p-cresol, 6) p-
bromophenol, 7) 3,5-xylenol, 8) 2,4 xylenol. 
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Figure: 5.9: Plot of log k for phenol functional group solutes in four 
different mobile phases. 
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5.2. 7 Methylene Selectivity of Phenols 
Homologous series of compounds which vary by the number of methylene (CH2) 
units in their alkyl groups have been widely used as probe solutes for 
fundamental RPLC studies [197]. lt has already been determined in section 5.1.2 
that the retention process with a superheated water mobile phase and PLRP-S 
as the stationary phase depends primarily on hydrophobic interactions with the 
stationary phase. To determine the methylene unit contribution to this retention 
process the selectivity between phenol and m-cresol was determined with 
superheated water over the temperature range 150 to 200°C. For a comparison, 
an aqueous ACN mobile phase was also utilised covering a concentration range 
of ACN from 15 to 30% v/v. Figure 5.10 shows In selectivity (a) values between 
phenol and m-cresol over the ranges mentioned above. 
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Figure 5.1 0: Methylene selectivity between m-cresol and phenol on PLRP-S 
with superheated water and aqueous ACN mobile phases. 
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lt can be seen form Figure 5.1 0 that the methylene selectivity of these phenols is 
considerably greater in superheated water than with aqueous ACN, over all the 
temperatures and compositions studied. Therefore the use of superheated water 
mobile phase would be very useful for separating members of a homologous 
series due to this enhanced selectivity. The methylene selectivity in superheated 
water is shown to change essentially in a linear fashion with a change in 
temperature, whereas for the aqueous ACN mobile phase this behaviour could 
be described as almost quadratic. This quadratic variation in methylene 
selectivity has been observed before with an aqueous ACN mobile phase on an 
ODS column [199]. In the same study, methanol-water mobile phases also 
produced linear plots for methylene selectivity. The authors concluded that 
changes in methylene group selectivity are mainly achieved by alteration of the 
mobile phase solvent system. The results expressed in this study seem to 
confirm this. 
lt may be recalled from section 2.4.2 that the enthalpic and entropic contributions 
to methylene selectivity can be determined from the following equation: 
lna = - ~~H + ~~s 
RT R 
(5.4) 
If it is assumed that a constant contribution to the free energy of retention is 
made with each methylene increment in a homologous series [199) (i.e. that a 
linear free energy relationship is operant) then the slope and intercept of a plot of 
In a versus 1/T, when multiplied by the gas constant R , should yield L1L1H and 
L1L1S respectively. Figure 5.11 shows such a plot. Again a straight line plot results 
and from this L1L1H was calculated as -2.19 kcal mor1 and L1L1S as -3.026 cal mar 
1
. These calculated values differ substantially with values determined by Sentell 
et al. (134]. For instance the methylene contribution to the enthalpy of transfer 
(i.e. M H) for n-alkylbenzenes on an ODS1 column with a 80:20 ACN/H20 
mobile phase was calculated at- 0.2957 kcal mor1. This figure is approximately 
seven times smaller than the calculated for methylene selectivity of phenols in 
the superheated water system. Sentell et al. also calculated a value for the 
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methylene contribution to entropy transfer (M S) as 0. 31 02 cal mol-1, again 
about ten times as small as the value calculated in this study. Such large 
differences in reported values are supported by the findings produced in section 
5.1.3, where large enthalpy and entropy values were determined for the aromatic 
solute set. 
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Figure 5.11: Plot of methylene contributions to .t1H and 115 in a superheated 
water mobile phase on PLRP-5. Solutes: phenol and m-cresol. 
The phenol methylene sample set was later extended to look at methylene ring 
substituted phenols. Table 5.7 presents retention data for these phenols with 
superheated water at 180 and 200°C, and ACN at 20% and 30% v/v. The void 
volume (to) was taken as the time for uracil to elute from the column in the 
appropriate mobile phase. 
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Table 5. 7: Retention data for methyl substituted phenols with superheated 
water and aqueous ACN as the mobile phase. 
Solute 180°C 200°C 20% ACN v/v 30% ACN v/v 
tR I k tR I k tR I k tR I k 
(min) (min) (min) (min) 
phenol 5.40 2.46 3.93 1.62 6.78 3.43 3.98 1.71 
p-cresol 11 .25 6.21 7.00 3.67 12.23 6.99 5.63 2.83 
p-ethylphenol 25.58 15.40 13.70 8.13 27.60 17.04 8.85 5.02 
p-propylphenol 64.07 40.07 29.65 18.77 62.75 40.01 15.18 9.33 
m-cresol 11 .02 6.06 6.93 3.62 12.03 6.86 5.70 2.88 
3,5-xylenol 25.25 15.19 13.63 8.09 22.55 13.74 8.47 4.76 
2,3,5- 69.07 43.28 35.50 20.67 50.57 32.05 15.53 9.56 
trimethylphenol 
2,4-xylenol 31 .34 19.09 16.43 9.95 27.00 16.65 10.02 5.82 
2,4,6- N.D. - 43.95 28.30 61 .53 39.22 18.73 11.70 
trimethylphenol 
lt can be seen from Table 5.7 that substitution of a methyl group on the aromatic 
ring of the parent phenol results in longer retention factors. lt is interesting to 
note that with superheated water at 180°C and a 20% vlv ACN mobile phase the 
retention factors for p-propylphenol are very similar. However, when the 
temperature of water is increased to 200°C and the solvent fraction of ACN 
increased to 30% vlv so that phenol 's retention factors are now similar, we see 
that the retention factors for p-propylphenol are now very different. The retention 
factor for propylphenol with 30% ACN is now approximately half that with 
superheated water at 200°C. This effect can be explained by the unusually high 
enthalpy of transfer for a methylene unit in superheated water that was 
determined previously. For further clarity of this hydrophobic effect, Figures 5.12-
5.14 shows a comparison of chromatograms for all nine methyl substituted 
phenols with superheated water at 200°C and a 30% vlv ACN mobile phase. 
98 
ChapterS 
E 
r::: 
0 
CO 
N 
@ 
Q) 
1/) 
r::: 
0 
c. 
1/) 
Q) 
'-
2. 
Retention and Selectivity Study 
A) Superheated water @ 200°C 
3. 
4. 
rr~~~~~~~~~·~~~~~~~~~~~~~~~~~ 
0 5 10 15 20 25 30 35 40 45 
Time I minutes 
2. B) 30% ACN v/v 
E 
r::: 
0 
CO 
N 
@ 3. Q) 
1/) 
1. r::: 
0 
a. 
4. 1/) Q) 
'-
> 
:J 
0 5 10 15 20 25 30 35 40 45 
Time I minutes 
Figure 5.12 A & 8: Chromatograms of n-alkylphenols. Peak identificat ion: 
1) phenol, 2) p-cresol, 3) p-ethylphenol, 4) p-propylphenol. 
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Figure 5.14 A & 8: Chromatograms of ring methyl substituted phenols. 
Peak identification: 1) phenol, 2) m-cresol, 3) 2,4-xylenol, 4) 2,4,6-
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To determine the pattern of phenolic retention with each mobile phase, the 
natural logarithm (In) of the retention factor was plotted against the number of 
carbon atoms for the methylene ring substituted phenols. This plot is shown in 
Figure 5.15. In keeping with other studies on retention in RPLC, all four mobile 
phase compositions produce an approximate linear relationship for plots of 
retention factor against the number of carbon units [82]. This finding is further 
supporting evidence that superheated water is indeed behaving like a typical 
reversed phase solvent. To produce a fully conclusive argument it rea lly would 
be necessary to extend the temperature of operation beyond the current limits. 
However as this would most probably result in likely column peripheral damage 
this option was not pursued. 
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Figure 5.15: Plot of In k versus the number of carbon atoms of methyl 
substituted phenol homologues. 
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5.3 Studies on PGC 
5.3.1 Introduction 
During preliminary studies the PGC stationary phase, like PS-DVB, proved 
stable with a superheated water mobile phase over a long period of time (> 336 
hours) at temperatures as high as 220°C. The remarkable stability of this phase 
lies in its unique structure. The actual phase itself can be likened to graphite in 
that essentially, PGC is a crystalline material made up of sheets containing huge 
numbers of hexagonally arranged carbon atoms linked by the same conjugated 
1.5 order bonds which are present in any large polynuclear aromatic 
hydrocarbon [200]. The individual sheets of carbon atoms are about 3.5 
angstoms apart and held together by London dispersion interactions (see Figure 
5.16). 
top view side view 
Figure 5.16: Schematic structure of PGC. 
Because of the nature of this arrangement there are, in principle, no extraneous 
functional groups on the surface because the carbon atoms have al l their 
valencies satisfied. However, to produce a crystalline material with a high 
specific surface area suitable for use in HPLC, the graphite crystallites will have 
to be very small, in the order of 1-10 nm. This extremely small size means that 
surface defects will be present at the edges of the crystalline solid and carbon 
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atoms with unsatisfied valencies are likely to be occupied by -OH, =0 and 
COOH groups [200]. However these additional functional groups will only make 
up a small part of the total bulk material. For example, a square array of graphitic 
carbon atoms with a side of 10 nm will contain about 40,000 carbon atoms, of 
which about 160 will be at the edge of the sheet. The edge atoms will thus 
comprise only 0.4% of the total carbon atoms. If the crystallites are about 30 
layers thick 
The reason for PGC's stability is because of it's similarity to graphite. Graphite 
itself is one of the most unreactive substances known, and should therefore 
withstand any aggressive acidic or alkaline eluent. Indeed it is stable between 
pH 1-14. PGC's temperature stability should also be high. The fabrication of the 
material itself involves heating a base phenol-formaldehyde resin to 1 ooooc in a 
nitrogen atmosphere so that it carbonises [201). Additional heating to 2000°C is 
then applied to the material to close any unwanted micropores that proved 
detrimental to LC performance [202) . Clearly such a robust material should also 
be stable with a superheated water mobile phase and this stability has been 
proven (see chapter 4). A similar material to the Hypercarb PGC phase has also 
been used in a high temperature environment. Yamaki et al. [1 04] employed a 
Carbonex column from Biotech Research (Saitama, Japan) and analysed 
peptide samples at temperatures as high as 160°C with no degradation of the 
column itself. However, these researchers used a conventional aqueous ACN 
mobile phase to achieve their separations. 
One feature peculiar to PGC is the absence of a truly universal eluotropic series. 
Kaur [204] has shown that eluting power of a given solvent is different for 
different functional groups. lt should be noted that retention is also observed on 
PGC with nonpolar mobile phases. For instance for homologue selectivity (CH2 
addition) MeOH and ACN are relatively weak solvents whereas dioxane and 
chloroform are strong [202]. Early work on PGC concluded that the elution order 
of solutes was similar to alkyl bonded silica, but was nonetheless more retentive 
as higher proportions of organic solvent was often needed to elute solutes from 
the column [200]. 
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5.3.2 Retention of Simple Aromatics with Respect to Temperature 
lt is now known that hydrophobic forces do not solely govern retention on PGC. 
Additional interactive forces between the solute and the stationary phase surface 
are present and this is known as the "polar retention effect by graphite" or 
(PREG) for short [200]. As the acronym suggests these additional forces 
primarily affect polar or polarisable functional groups in the analyte. The effect is 
thought to arise from charge induced interactions between the 1t electrons of the 
analyte and delocalised conductivity electrons in graphite [200]. The 
consequence of PREG can be seen in Figure 5.17 that shows a 
chromatographic separation of phenol and resorcinol (m-dihydroxybenzene). 
Even though resorcinol is more polar than phenol and would be expected to 
elute before phenol in RPLC operation, we see that resorcinol is more retained 
on PGC's surface. 
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Figure 5.1.7: Chromatographic separation of phenol (1) and resorcinol (2) 
on PGC with superheated water as the mobile phase. Conditions: column 
(100 x 4.6 mm) 5p, mobile phase 100% H20 at 1 ml/min, temperature 150°C. 
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Because of this PREG condition a series of aromatic test solutes were selected 
that would help clarify this affect. The solutes selected are listed in Table 5.8 
along with their retention times with superheated water as the mobile phase on 
PGC at various temperatures. The to marker for the calculation of the retention 
factor was taken as the solvent front time for methanol. 
Table 5.8 Retention data for some simple aromatic compounds on PGC 
with a superheated water mobile phase at different temperatures. 
Solute 150°C 170°C 180°C 190°C 200°C 
tR I k tR I k tR I k tR I k tR I k 
to (MeOH) 1.29 - 1.26 - 1.24 - 1.22 - 1.21 -
phenol 4.94 2.83 3.55 1.82 3.33 1.69 3.04 1.49 2.68 1.21 
m-cresol 12.73 8.69 7.88 5.25 7.16 4.77 6.16 4.05 5.04 3.17 
m-methoxyphenol 17.49 12.56 9.74 6.73 8.67 5.99 7.28 4.97 5.83 3.82 
benzene 6.92 4.36 4.59 2.64 4.27 2.44 3.60 1.95 3.17 1.62 
sulphonamide 
benzamide 10.76 7.34 6.72 4.33 6.01 3.85 4.94 3.05 4.23 2.50 
m-toluamide 26.82 19.79 16.66 12.22 14.33 10.56 11 .07 8.07 8.89 6.35 
acetophenone 28.66 21.22 17.64 13.00 15.42 11.44 11 .62 8.53 10.02 7.28 
m-hydroxy 42.57 32.00 23.85 17.93 19.97 15.10 14.23 10.66 12.17 9.058 
acetophenone 
m-methyl 
- - 53.18 41 .21 44.10 34.56 30.91 24.34 26.20 20.65 
acetophenone 
m-hydroxy 28.92 21 .42 15.23 11 .09 12.35 8.96 10.85 7.89 8.83 6.30 
benzaldehyde 
m-tolualdehyde 
- - 31.78 24.22 24 .02 18.37 23.57 18.32 21.09 16.43 
From Table 5.8 the PREG condition can be seen to affect the elution order for 
some of the solutes. For instance in aromatic sample set the more polar m-
hydroxyacetophenone elutes after acetophenone. In general the peak shapes for 
all these solutes was extremely poor at all the temperatures studied, with 
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excessive tailing as measured by the asymmetry factor at 10% of peak height. 
An increase in temperature did reduce the tailing although not to any great 
extent (see Figure 5.18). Such severe tailing is indicative of heterogeneity of the 
surface of PGC. 
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Figure 5.18: Expanded chromatograms of phenol on PGC with superheated 
water as the mobile phase illustrating the effect of an increase in 
temperature on the asymmetry of the peak. Conditions: as Figure 5.17 
except for where stated in figure. 
lt is stated in Hypercarb Guide [204] that additives, such as trifluoroacetic acid 
(TFA), added to the mobile phase help to improve peak shape. This was tried 
and the results are shown in Figure 5.19. lt appears that addition of TFA does 
not significantly reduce the amount of tailing on this phase with superheated 
water as the mobile phase. For instance, without the TFA additive the 
asymmetry at 10% (Asym 1 0%) for the m-hydroxybenzaldehyde peak was 6.19, 
whereas with 0.1% TFA Asym 10% was 5.42 a reduction of only 0. 77. 
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Figure 5.19: Separation of aromatic aldehydes on PGC with and without 
TFA added to the mobile phase. Conditions: as in Figure 5.17 except 
temperature @ 190°C. Peaks 1) m-hydroxybenzaldehyde, 2) m-
tolualdehyde. 
5.3.3 Aromatic alcohols 
A set of homologous aromatic alcohols was also studied to see if any erroneous 
peaks manifested themselves as with the PLRP-S stationary phase (see Figure 
5.6). The chromatogram in Figure 5.20 shows the trial separation of benzyl 
alcohol, 3-phenyl-1-propanol, and 4-phenyl-1 butanol. Four peaks were present 
with retention times of 3.61 , 9.52, 10.18, and 19.03 minutes respectively. Peak 
shapes were poor suffering severe tailing. Nevertheless, when benzyl alcohol 
was injected singularly one peak was seen with a retention time of 3.92 minutes 
with no further peaks after 10 minutes. Because four peaks were present on 
injection of three homologues, confirmed peak identification cannot be given. 
Again LC-MS or LC-NMR would be useful technique to elucidate and confirm 
identification of all four peaks, and discover whether degradation or oxidation 
was the cause of the extra peak. 
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Figure 5.20: Chromatogram of aromatic alcohols separated on PGC. 
Sample: benzyl alcohol, 3-phenyl-1-propanol, and 4-phenyl-1-butanol. Peak 
identification cannot be confirmed. Conditions: as in Figure 5.17 except 
temperature@ 190°C. 
5.3.4 Aromatic Amines 
Basic samples can be difficult to chromatograph in a reversed phase mode on 
ODS silica because peaks can suffer excessive tailing through interaction 
between surface "residual" silanols and charged functional groups of the solute 
[29]. Amine modifiers, such as triethylamine (TEA), are sometimes added to the 
mobile phase to reduce the tailing of these basic samples on reversed phase 
silica supports [205]. The use of such modifiers helps reduce tailing in two ways. 
Firstly they compete with the basic solute itself for the active sites of the 
stationary phase. Secondly the high pH conditions of the mobile phase created 
by the addition of the amine additive suppresses the ionisation of the basic 
solute. If the pH of the mobile phase is sufficiently high (2 pH units > pKa of the 
solute) then the basic solute will be chromatographed in its undissociated form 
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Figure 5.21: Chromatogram of mono substituted aniline homologues. 
Conditions as in Figure 5.17 except mobile phase pH adjusted to 12 with 
TEA, and temperature @ 180°C. Peaks 1) aniline, 2) N-methylaniline, 3) N-
ethylaniline. 
Q) 
Cl) 
c: 
0 
a. 
Cl) 
~ 
> 
::> 
0 5 
1. 
10 15 20 25 30 35 40 45 50 
Time I minutes 
Figure 5.22: Chromatogram of di- substituted aniline homologues on PGC. 
Conditions as in Figure 5.21 . Peaks 1) N,N-dimethylaniline, 2) N,N-
diethylaniline. 
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and will be retained longer on the stationary phase. However, with very basic 
samples (pKa >9) this solution is not possible with silica based columns because 
of their reduced stability in basic medium. Nevertheless PGC can withstand 
alkali mobile phases up to pH 14 [202]. Therefore ion suppression can be used 
as an effective method for separating very basic analytes in RP-HPLC on PGC. 
Figures 5.21 and 5.22 show chromatograms of substituted aniline homologues 
with TEA added to the water mobile phase so the pH was 12. A stark 
improvement in peak asymmetry is seen, especially when compared to the 
previous analytes. For instance the Asym 1 0% for aniline in Figure 5. 21 is 1. 98. 
However Forgacs and Cserhati's study of aniline behaviour of ring substituted 
anilines on PGC [206] revealed that buffers were not required to obtain good 
peak shapes. 
Following the success of the aniline sample set, attention was directed towards 
alkyl amines. A number of alkyl aromatic amines were available, including 
benzylamine, N-methylbenzylamine and N-ethylbenzylamine. Again a water 
mobile phase made alkali (pH =12) with TEA was used. The results again were 
perplexing; similar to the aromatic alcohol sample set. Single injections of each 
respective alkyl aromatic amine are shown in Figure 5.23 A-C. Singular 
injections of N-methylbenzylamine and N-ethylbenzylamine produced two peaks 
respectively at identical retention times of 3.80 and 9.55 minutes. Benzylamine 
produced only the one peak at 3. 77 minutes. lt may be tentatively concluded 
then that both N-methylbenzylamine and N-ethylbenzylamine are degrading in 
some way to produce benzylamine and some other product. Further quantitative 
evidence is required to identify this second peak arising from the N-alkyl 
substituted amines. lt is also necessary to find out if this behaviour was occurring 
with conventional aqueous organic mobile phases on PGC. 
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Figure 5.23 A-C: Chromatograms of alkyl substituted benzylamine 
homologues on PGC. Conditions as in Figure 5.21. 
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5.3.5 van't Hoff plots 
A van't Hoff analysis was performed for each aromatic solute by plotting the 
natural logarithm of the retention factor against 1/T. The results are summarised 
in Table 5.9 and plotted in Figures 5.24-5.27. 
Table 5.9: Analysis of linear van't Hoff plots on PGC with superheated 
water as the mobile phase. 
Solute !!..Ho, !!..Ho, 
?- intercept ln(k)o kJ mor1 kcal mor1 
phenol 0.9789 -6.5884 -26.73 -6.39 
m-cresol 0.9834 -7 .1485 -32.72 -7.82 
m-methoxyphenol 0.9832 -8.3218 -38.02 -9.09 
benzenesulphonamide 0.9871 -7.6876 -32.14 -7.68 
benzamide 0.9928 -8.0387 -35.22 -8.42 
m-toluamide 0.9933 -7.5720 -37.17 -8.88 
acetophenone 0.9925 -7.0906 -35.67 -8.53 
m-hydroxyacetophenone 0.9931 -8.6123 -42.46 -10.15 
m-methyl acetophenone 0.9156 -4.4025 N. D. N. D. 
m-hydroxybenzaldehyde 0.9798 -8.3389 -39.88 -9.53 
m-methyl benzaldehyde 0.9406 -1.1757 N. D. N.D. 
N.D. - not determined. 
The linear fits to the van't Hoff plots in Figures 5.24-5.27 are not as well 
correlated compared to the PLRP-S material (see Table 5.3) as evidenced by 
the r values. For the solutes where limited data points were used (i.e. for 
methylacetophenone and methylbenzaldehyde) a very poor linear correlation is 
derived. Overall a better correlation is obtained for all solutes if the van't Hoff 
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data was fitted using cubic polynomial function. Non- linear van't Hoff plots can 
be used as suggestive evidence for more than one type of binding site on the 
stationary phase surface [82]. The poor peak shapes observed with PGC and a 
superheated water mobile phase support this conclusion. 
Solutes that are more highly retained on PGC tended to have larger enthalpies 
of transfer from the mobile phase to the stationary phase (llH0 ). Comparing !lH0 
values with the stationary phases studied, it appears that the strength of 
interaction between a solute and PGC is generally smaller compared to the 
PLRP-S stationary phase with a superheated water mobile phase. For instance 
for the solute phenol, llH0 calculated as -9.89 kcal/mol on PLRP-S and -6.39 
kcallmol PGC. Similarly for acetophenone llHo was calculated as - 14.24 
kcallmol on PLRP-S and -8.53 on PGC. From this evidence it appears that ~ 
overall the PLRP-S stationary is more hydrophobic in nature. 
Entropies of transfer were not calculated, as again the phase ratio (/3) of the 
column was not known. However inferences of the size of the entropy of transfer 
(tlSO) can be speculated from the size of the intercept. Compared to the PLRP-S 
column, it would appear that t1SO values on PGC are higher (less negative) than 
on PLRP-S where the solute sample set overlap. 
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5.3.6 Comparison of Jog kw data on PGC 
As with the PLRP-S stationary phase, a comparison was made with extrapolated 
log kw values calculated in this study with superheated water as the mobile 
phase and with values determined in the literature using conventional. aqueous 
organic mobile phases. Extrapolated values of log kw were calculated as outlined 
in the procedure in section 5.1.4. Unfortunately only two relatively complete data 
sets (phenol and acetophenone) overlapped values quoted in the literature [194]. 
Table 5.10 lists the completed comparison. As can be seen the comparative 
values agree fairly well with each other although phenol , the more polar of the 
two solutes, produced results lower than reported values whereas acetophenone 
produced results higher than reported values. The exact reason for this observed 
phenomenon is unclear. Further studies are required by extending the sample 
set of solutes and to increase the number of data points collected so a more 
precise, and possibly accurate, measure of log kw can be formulated using a 
superheated water mobile phase. 
Table 5.10: Comparison of log kw data calculated in this study and 
literature data on PGC. 
Solute 
phenol 
acetophenone 
Extrapolated log kw 
This study on PGC PGC with 
1.60 
2.87 
MeOH/H20 eluenta 
1.8 
2.5 
a taken from reference [193] 
One drawback with extrapolated results for the interpretation of log kw is that 
they rel y on a linear variation of k against volume fraction of organic solvent. This 
has not always proved to be a correct assumption, and notable deviations from 
linearity are known to exist with ACN-water and particularly THF-water mixtures 
[191 ]. 
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5.2. 7 Comparable Solvent Strength on PGC 
An attempt to rationalise the proposed solvent strength of superheated water on 
PGC was made by comparing the retention factors of phenol with three different 
aqueous mobile phases including superheated water. By comparing the change 
in retention with either temperature (as for the case with superheated water) or 
organic content (for aqueous organic mixtures) one can propose an equivalent 
solvent strength scale. Figure 5.28 shows the variation of the retention factor, k, 
for phenol versus composition of mobile phase as either percentage of organic 
(for aqueous MeOH and ACN mobile phases) or as a function of temperature 
(for the superheated water mobile phase). 
Water temperature I oc 
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(70) 
Figure 5.28: Retention of phenol versus mobile phase composition on 
PGC. 
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lt can be seen from Figure 5.28 that all three mobile phases produce quite 
similar retention plots. MeOH-water and the superheated water mobile phases 
produce almost parallel curves, with retention seen to be greater in superheated 
water. lt is interesting to note that all three mobile phases show a quadratic 
dependency against the retention factor of phenol supporting the case of non-
linearity discussed in section 5.2.4. From this plot we can also see that 
superheated water at 220 oc is comparable in eluting strength to a 40% ACN 
wlw and a 65% MeOH w/w mobile phase. As a rough approximation, an 
increase in the temperature of superheated water of 1 oc is equivalent to a 0.50% 
increase in concentration of organic modifier, be it methanol or acetonitrile. 
5.2.8 Methylene Selectivity on PGC 
The methylene selectivity on PGC with respect to superheated water as a mobile 
phase was determined by measuring the relative retention of m-cresol and 
phenol respectively i.e. k m-cresol I k phenol. The solvent front was used as a 
measure of the void volume of the column. The results are shown graphically in 
Figure 5.29, where a comparison of superheated water is made with aqueous 
methanol and acetonitrile mobile phases. In marked contrast to the PS-DVB 
stationary phase, superheated water does not confer increased selectivity 
towards methylene substation for these two phenols. Rather superheated water 
behaves more like an aqueous organic solvent mixture itself in that the selectivity 
values match closely, values shown by the two aqueous organic mixtures. This 
similarity in methylene selectivity for the separation of these two phenols is 
further illustrated in Figure 5.30 which shows an overlay chromatogram showing 
equivalent separations for all three mobile phases. 
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5.4 Studies on Zirconia 
5.4. 1 Introduction 
Because of the relative disadvantages afforded by both silica-based and 
polymeric reversed phase packings, there continues to be an interest in 
development of other materials as stationary phases. Hypercarb I PGC is just 
one prime example of this increased interest. Other inorganic oxides such as 
alumina, zirconia and titania have also been investigated for their potential use 
as reversed phase sorbents. All three oxides can be formed into porous particles 
with good mechanical strength and physical properties similar to si lica [207]. 
However, to date there is no generic surface derivatization techniques avai lable 
for either oxide that compares to the silanization technique used for the 
preparation of the silica-based alkyl bonded phases. Although silanization of 
these surfaces is possible [208], the resulting zirconium or titanium si loxane 
bond is inferior to the pure siloxane bond and is consequently hydrolytically 
unstable. Chromatography on these derivatised supports is often poor with the 
result being tailing peak shapes. This is due to the active nature of the titania 
and zirconia surface, which is significantly different from either sil ica or alumina 
[209]. 
Titanium and zirconium are both Group IV A elements, and thus it is surmised 
that they would show similar chromatographic properties. However, of the two 
inorganic oxides, zirconia perhaps shows more promise as a chromatographic 
stationary phase as its surface is less active than that of titania. Zirconia's use, in 
relation to chromatography, has been studied extensively by Carr and eo-
workers [21 0-212]. Its surface comprises active sites consisting of bridged 
oxides, bridged hydroxyls, hydroxyls and, unlike silica, strong Lewis acid sites 
(see Figure 5.30). The Lewis acidity of the native zirconia surface is due to the 
presence of a co-ordinatively unsaturated zirconium (IV) species. The 
consequence is that hard Lewis bases such as hydroxide, phosphates, fluoride, 
or carboxylates (listed according to affinity strength) will interact strongly with the 
hard Lewis acid sites on the surface, culminating in poor peak shapes. 
Nevertheless chromatography can be significantly improved by adding a 
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competing Lewis base such as phosphate, or fluoride, or by raising the mobile 
phase pH [21 0). 
Lewis Acid Site 
0 H-.......0 H-.......0~ 
/ '. / '. I ~ 
Zr- Zr Zr- Zr Zr Zr~ 
'(-oj" '(-oj" '(-oj" '(-oj" '(-oj" '(-o 
0 0 0 0 0 0 
Figure 5.31: Schematic illustration of the various active sites to be found 
on the surface of native zirconia. 
Although both titania and zirconia are both hydrolytically stable from pH 1 to 14 
[209), covalently bonded functional groups attached to the surface are not. 
Therefore alternative surface modification techniques have been developed that 
do not rely on the attachment of the non-polar material to the surface. One 
popular technique is to crosslink a suitable polymer substrate onto the surface, 
effectively coating the skeleton of the individual particles. This process was 
originally pioneered by Schomberg et al. [213] who coated a pre-polymerised 
polybutadiene of controlled molecular weight onto the surface of the substrate 
and then completed the polymerisation using radical initiators at elevated 
temperatures. The result is a hydrophobic surface suitable for reversed phase 
chromatography that can be applied to silica, alumina, titania, and zirconia. 
Reversed phase packings with significantly improved pH stability have been 
obtained by this method [214]. The range of polymer coatings that have been 
applied with this method has been extensively reviewed by Hanson et al. [215). 
One drawback with these coated stationary phases is that the final thickness of 
the coating must be carefully controlled so that the mass transfer process is not 
hindered leading to lower column efficiencies [215). 
122 
ChapterS Retention and Selectivity Study 
Late on during the course of this project a zirconia coated polybutadiene (PBD) 
column became .:wailable for use. This stationary phase was largely developed 
by Li and Carr [111-216-217], and these preliminary papers had shown it to be 
stable to temperatures up to 200°C with aqueous - organic mobile phases. 
Unpublished results by Carr's group had also shown this material to be stable in 
a superheated water mobile phase at this temperature as well. 
5.4.2 Retention with Respect to Temperature 
To test the overall retentivity of the zirconia in a superheated water mobile phase 
the phenol functional group mix, previously used on the PLRP-S column, was 
injected at an oven temperature of 120°C. The resulting separation is shown in 
Figure 5.32. Even at this fairly modest temperature (compared to temperatures 
required to elute components off the PS-DVB and PGC stationary phases) all the 
phenols are eluted in less than 10 minutes, with partial separation of six of the 
eight components. At lower temperatures (80 and finally 60°C - hot water) a full 
separation of all the phenolic functional group species is achieved. lt is 
interesting to note that the selectivity of this column is different with respect to 
PLRP-s in that both cyanophenol and bromophenol are significantly more 
retained on the zirconia PBD column. On PBD zirconia p-bromophenol is more 
strongly retained and elutes after the xylenols, whereas on the PLRP-s 
stationary phase, both xylenols were more strongly retained with respect to p-
bromophenol with a superheated water mobile phase. Poor peak shapes are 
also observed for cyanophenol and bromophenol as these two compounds can 
act as Lewis bases (electron donators) and will therefore interact strongly with 
Lewis acid sites on the surface of zirconia. 
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Figure 5.32: Chromatograms of phenolic functional group series at 
different temperatures on a PBD-zirconia column (200 x 0.2mm). Mobile 
phase pure water at a flow rate of 0.2 ml/min. Peak identification: 1) 
hydroquinone, 2) phenol, 3) p-methoxyphenol, 4) p-cyanophenol, 5) p-
cresol, 6) 3,5-xylenol, 7) 2,4 xylenol, 8) p-bromophenol. 
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Figure 5.33 shows comparative chromatograms of a 5% ACN mobile phase (at 
30°C) and a hot water mobile phase at 60°C. As can be seen the selectivity 
between these two mobile phases is very similar for these phenolic solutes. 
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Figure 5.33: Comparative chromatograms for separation of phenolic 
functional group mixture on PBD zirconia. Conditions and peak 
identification as in figure 5.32. 
This lesser retentivity of the PBD-zirconia phase could be seen as a distinct 
advantage for use with a superheated water mobile phase. The lower 
temperatures needed to elute organic components may well help to reduce 
column and chromatograph peripheral damage, for instance problems with 
corrosion of frits (see section 4.4.1 ). Moreover it may even be possible to elute 
very non-polar species such as polyaromatic hydrocarbons at temperatures 
significantly less than 250°C on this stationary phase. Figure 5.34 demonstrates 
this possibility with the elution of naphthalene from the PBD zirconia column at 
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140°C in less than 40 minutes. Such non-polar species require very high 
temperatures to elute from PS-DVB sorbents [1 88]. 
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Figure 5.34: Chromatogram of napthalene on PBD - zirconia. Conditions: 
mobile phase of superheated water@ 140°C and flow rate at 1 mllmin. 
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5.4.3 Methylene Selectivity 
To evaluate the methylene selectivity of the PBD zirconia column the n-
alkylphenols homologous series previously studied were chosen as test solutes. 
Three temperatures of analysis were studied, from 120 to 160°C, at 20°C 
intervals. Figure 5.35 shows van't Hoff plots for retention of each alkyl phenol 
studied. 
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Figure 5.35: van't hoff plots for n-alkylphenols on PBD - zirconia. 
Each solute gave an excellent correlation to a straight line fit as evidenced by R2 
values (see table 5.11 ). However a linear fit was applied to only three data 
points. To fully validate that a van't Hoff relationship is applicable then more data 
points would need to be added. Again D.H of solute transfer values are 
determined from the slope of each line, and these results are also expressed in 
Table 5.11 . These values are all much higher than those observed using 
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conventional organic-aqueous mixtures. For instance Li and Carr computed 
enthalpy of solute transfer values for alkylbenzenes on PBD - zirconia using a 
40% v/v CAN mobile phase and computed values ranging from - 2.07 kcal mor1 
for benzene, to -4.00 kcal mor1 for n-pentylbenzene [111]. Comparing enthalpy 
of transfer values with superheated water on different stationary phases, the 
enthalpy of solute transfer (!1H) for phenol on PBD - zirconia was found to be 
slightly lower (7.80 kcal mor1) than the comparable value on PLRP-S for phenol 
(-9.89 kcal mor\ 
Table 5.11: Analysis of linear van't Hoff plots for the n-alkylphenols on 
PBD - zirconia with superheated water as the mobile phase. 
Solute f1 H0 , !1H0 , 
? intercept ln(k)o kJ mor1 kcal mor1 
phenol 0.9999 -9.2826 -32.63 -7.80 
p-cresol 1.0000 -9.0648 -35.10 -8.39 
p-ethylphenol 1.0000 -9.5026 -40.24 -9.62 
p-propylphenol 0.9997 -10.405 - 47.51 - 11 .36 
If (!1H) values are plotted against the number of methylene units per 
corresponding n-alkylphenol, then one can compute the enthalpy change 
associated with an addition of a methylene group o(f1HcH2°) from the following 
equation: 
(5.5) 
where 11Hn° is the observed enthalpy change for each solute, ncH2 is the number 
of methylene units, and 11H0° is the enthalpy change for the parent compound 
defining the homologous series i.e. in this case phenol. A plot of 11Hn° versus 
ncH2 should reveal a linear response with a slope of o(11HcH2°) and an intercept of 
11H0°. Figure 5.36 shows such a plot. lt can be seen very clearly that a linear plot 
is not obtained and is more appropriately described as a quadratic variation. The 
reason for this quadratic behaviour is unclear and ideally needs re-investigating. 
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If a linear fit is forced through these data points then a value for o(~HcH2°) is 
given as -1 .19 kcal mor1. Again this value is significantly larger than values 
reported elsewhere for other homologous series. Li and Carr [111) determined 
o(~HcH2°) as 0.39 kcal mol-1 for the n-alkylbenzenes, and this value is similar to 
other researchers calculated values on C-18 bonded silica's [134]. The relatively 
large o(~HcH2°) value computed on this phase with superheated water mobile 
phase can be regarded as additional evidence that superheated water is still a 
hydrophobic solvent for most organic compounds on this stationary phase, even 
for relatively polar solutes such as phenols. Incidentally the intercept for the 
forced linear fit in Figure 5.36 is computed as -7.50. This result is in fairly close 
agreement with the ~Hn° of 7.80 kcal mor1 determined for phenol. 
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Figure 5.36: Plot of enthalpy change versus number of methylene units for 
n-al kyl phenols. 
Because of this anomaly observed with the methylene selectivity for n-
alkylphenols, a range of other homologous series were studied to observe 
whether or not true revered phase behaviour is observed. By plotting In k against 
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the number of methylene units for any homologous series at one specified 
temperature, a straight line plot should be observed for those members of a 
homologous series. Figure 5.37 shows retention plots for n-alkylphenols, alkyl 
parabens, aromatic ketones, aromatic amines, and n-alkylbenzenes homologous 
series. Generally each homologous series gave a linear fit to the data points with 
R2 values greater than 0.99, with the exception of the N-substituted anilines 
which gave a rather poor correlation coefficient of 0.9821 . The reason for this 
poor correlated fit was not determined. Project time constraints meant that these 
homologous series could not be studied over a range of temperatures (as with 
the n-alkylphenols) to reveal if the findings for the n-alkylphenols were applicable 
to the other series. 
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Figure 5.37: A plot of In k versus the number of methylene units for a 
series of aromatic homologues. Conditions: PBD - zirconia with a 
superheated water mobile phase @ 160°C. 
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5.4.4 Functional Group Selectivity 
To test the functional group selectivity of the PBD - zirconia column with a 
superheated water mobile phase a similar set of aromatic test solutes were 
tested as they were on the PLRP-s column. Figure 5.38 compares 
chromatograms of the test mixture at three different temperatures. In determining 
the retention factor k, uracil was used as the to void volume marker in each case. 
lt is interesting to note that at the temperatures studied nitrobenzene does not 
seem to degrade as it did at temperatures in excess of 200°C on the PLRP-s 
stationary phase. At 120°C peaks 6 & 7 are almost eo-eluting with only a slight 
separation observed. Nevertheless as the temperature is increased to 140°C 
resolution is increased between these peak pairs, but decreases again at 160°C. 
Generally selectivity, as measured by relative retention (alpha) values, followed 
no general pattern as the temperature is increased (see table 5.12). For instance 
for solute pairs 2 & 3 (phenol and acetophenone) there is an increase in 
selectivity (ex) as the temperature is increased from 120°C to 140°C. The 
selectivity change between phenol and benzamide increased dramatically as the 
temperature of analysis was increased, although this probably more of 
consequence due to the fact that benzamide was virtually unretained and was 
eluting very close to the void volume. But for solute pairs 5 & 6 (N-ethylaniline 
and ethyl benzoate) there is a definite decrease in selectivity as the temperature 
is raised. For other solute pairs the change in selectivity was generally quite 
small. These examples highlight the fact that, with a superheated water mobile 
phase and temperature as a variable, the selectivity of a separation is difficult to 
predict. Li and Carr's work on temperature effects on PBD - zirconia with 
conventional aqueous - organic mobile phases, also produced conflicting 
changes in selectivity with temperature of various separations [216]. An increase 
in temperature from 40 to 1 oooc on PBD - zirconia for a set of 6 tricyclic 
antidepressants brought about near complete resolution of all peak pairs that 
was not possible at the lower temperature. For some separations (e.g. 
chlorophenols), an increase in the temperature of analysis actually produced a 
reversal of elution order. 
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Figure 5.38 A-C: Chromatograms of functional group test mixture on PBD 
zirconia with a superheated water mobile phase at different temperatures. 
Peak identification: 1) benzamide, 2) phenol, 3) acetophenone, 4) 
nitrobenzene, 5) N-ethylaniline, 6) ethyl benzoate, 7) phenetole, 8) toluene 
and 9) chlorobenzene. 
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Table 5.12: Selectivity of different aromatic test compounds on PBD -
zirconia with a superheated water mobile phase at various temperatures. 
Solute 120°C 140°C 160°C 
k a k a k a 
benzamide 0.08 - 0.03 - 0.01 -
phenol 0.32 3.75 0.20 6.71 0.15 11 .33 
acetophenone 0.84 2.65 0.60 2.98 0.44 2.97 
nitrobenzene 1.37 1.63 0.95 1.59 0.67 1.54 
N -ethyani I i ne 2.44 1.78 1.74 1.83 1.26 1.88 
ethyl benzoate 5.21 2.14 3.28 1.89 2.12 1.68 
phenetole 5.35 1.03 3.41 1.04 2.28 1.08 
toluene 6.47 1.21 4.06 1.19 2.72 1.19 
chlorobenzene 7.60 1.17 4.66 1.15 3.03 1.12 
Figure 5.39 A-C) shows a comparative chromatograms of the aromatic test 
mixture with a superheated water and two aqueous - organic mobile phases. 
The levels of methanol and acetonitrile modifier were chosen so as to produce 
similar retention times to the separation achieved at 140°C with pure water. The 
relatively weak retentive nature of the PBD - zirconia stationary phase meant 
that levels of organic modifier needed were at the 30% level or less. lt can be 
seen from these respective chromatograms that all three different mobile phases 
produce different selectivities for each aromatic solute. Overall the 20% ACN 
mobile phase ~ave the best separation of these particular solutes with a near 
complete baseline resolution of all peak pairs. Table 5.13 lists the capacity 
factors and alpha (selectivity) values for each solute in each different mobile 
phase. Looking at the overall spread of alpha values we can see that only the 
20% ACN mobile phase produced all values above 1.2 units. This is the reason 
why this particular mobile phase gave the best overall separation for all the 
solutes. Generally the organic- aqueous mixtures gave better selectivity for the 
more hydrophobic components such as phenetole, toluene, and chlorobenzene. 
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Figure 5.39 A-C: Comparison of chromatograms of functional group test 
mixture on PBD zirconia with a superheated water and aqueous organic 
mobile phases. Peak identification as in Figure 5.40. 
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For solutes with polar or relatively polar functional groups, superheated water 
tended to give enhanced selectivity for some solute pairs. For example the 
selectivity for solute pairs 2 & 3 (phenol and acetophenone) is 2 .98 with 
superheated water @ 140°C, but only 1.82 and 1.71 for 20% ACN and 30% 
MeOH respectively. In conclusion, as mentioned in the original introduction (see 
section 5.1) superheated water could perceivably used as an additional mobile 
phase for use in method development (selectivity) studies to complement the 
more commonly used aqueous- organic solvent mixtures currently used. 
Table 5.13: Comparison of selectivity of different aromatic test compounds 
on PBD- zirconia between superheated water and aqueous organic mobile 
phases. 
Solute Water@ 140°C 20%ACNwlw 30%MeOH 
k a k a k a 
benzamide 0.03 
-
0.02 - 0.05 -
phenol 0.20 6.71 0.20 10.00 0.28 5.38 
acetophenone 0.60 2.98 0.36 1.82 0.48 1.71 
nitrobenzene 0.95 1.59 0.90 2.51 1.24 2.58 
N-ethyaniline 1.74 1.83 1.32 1.46 1.27 1.03 
ethyl benzoate 3.28 1.89 2.04 1.54 2.49 1.96 
phenetole 3.41 1.04 2.49 1.22 2.87 1.15 
toluene 4.06 1.19 3.27 1.31 3.65 1.27 
chlorobenzene 4.66 1.15 4.15 1.27 4.85 1.33 
The aromatic functional group test mixture was chromatographed at three 
different temperatures at 120°C, 140°C, and 160°C to give retention data for the 
whole solute set. From this data van 't Hoff plots were constructed by calculating 
the retention factor k, and plotting this against the reciprocal of the temperature. 
This plot is shown in Figure 5.40 for all the aromatic solutes studied on the PBD 
zirconia column. As can be seen all solutes gave a good linear fit, although to be 
more precise it would be wise to consider more than three data points. 
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From these linear plots enthalpy of solute transfer values /1H0 were calculated, 
and these are shown in Table 5.13. The values on this phase are comparable 
with values computed on PLRP-S and PGC in that they are strongly exothermic 
in comparison with conventional aqueous organic mobile phases. Li and Carr 
reported values of /1H0 between -2 and - 4 kcal mol-1 on this phase for a set of 
alkyl benzenes [111 ]. lt is interesting to note that polar solutes such as phenol on 
PBD-zirconia phase give rather high !1H0 values compared to PGC for example, 
suggesting an additional mechanism of solute binding with active sites on the 
surface. 
Table 5.13: Analysis of aromatic functional group test solute van't Hoff 
plots on PBD- zirconia with superheated water as the mobile phase. 
Solute /1Ho, /1Ho, 
?- intercept ln(k)o kJ mor1 kcal mor1 
benzamide 0.9984 -27.459 -102.31 -24.45 
phenol 0.9927 -11 .394 -41 .90 -10.01 
acetophenone 1.0000 -8.876 -35.65 -8.52 
nitrobenzene 1.0000 -9.126 -38.69 -9.25 
N-ethylaniline 1.0000 -7.867 -35.90 -8.58 
ethyl benzoate 1.0000 -10.314 -49.04 -11 .72 
phenetole 0.9999 -9.674 -46.52 -11.12 
toluene 0.9995 -9.713 -47 .45 -11.34 
chlorobenzene 0.9998 -10.215 -50.17 -11.99 
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5.5 Summary 
Although superheated water has been shown to elute organic components from 
the stationary phases studied, generally temperatures above 200°C are 
necessary to elute non-polar solutes such as toluene. PLRP-s was shown to be 
the most retentive phase, whereas PBD zirconia was the least retentive. 
Superheated water at 240°C is only about equivalent to a 40%v/v ACN aqueous 
mobile phase. The use of such high temperatures may well cause damage to the 
chromatograph. For very non polar solutes the PBD-zirconia phase would be 
preferential over the PLRP-s and PGC phases because lower temperatures will 
be required for elution. 
The PGC stationary phase tended to give poor separations with most solutes 
showing a large amount of tailing. Nevertheless either operating at a higher 
temperature or introducing additives to the mobile phase could reduce this tailing 
phenomenon. The peak shapes obtained on PBD-zirconia showed similar tailing 
problems, but again this could be reduced with operation at increased 
temperatures. Peak shapes on PLRP-s were generally good being close to 
symmetrical. 
Linear van't Haft plots were obtained on each stationary phase studied. Enthalpy 
of transfer (!!H0 ) values computed from these plots revealed a relatively strong 
exothermic transfer mechanism for solutes in superheated water compared to 
organic mobile phases. Entropies of transfer (!!S0 ) could not be calculated 
because the phase ratio of the columns was not known. 
The most notable consequence derived from this study is the very different 
selectivity superheated water conferred compared to conventional aqueous 
organic mobile phases. Superheated water added extra retention for solutes with 
alkyl moieties adding credence to the solvophobic theory of retention. No doubt 
these findings would be particularly useful for chromatographers involved in 
method development studies. 
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6.1 Introduction 
Along with retention and selectivity, efficiency is an integral part of the resolution 
equation (see section ). Efficiency, as understood in chromatographic terms, 
relates to the quality of the separation. A measure of a particular column's quality 
(efficiency) can be measured by calculating its plate count. The plate count (N) 
can be defined as: 
N = ~ 
H 
(6.1) 
where H is the height equivalent to a theoretical plate, and L is the column 
length. lt is helpful to visualise the concept behind the meaning of H. As an 
analyte elutes through a column, the band becomes broader, so that the peak 
width increases with the square root of the length that the band has travelled 
(see Figure 6.1 ). Also the distance between the centres of two eluting bands 
increases proportionally to the distance the two bands have migrated. 
L 
I Ill I 1.1 1.1 
-w cc-{[ 
doe L 
Figure 6.1 : Schematic representation of the relationship between the peak 
width of analyte bands with the length the peak has travelled through the 
column. 
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The bandwidth w, is usually expressed as the standard deviation of the peak a: 
The variance of a peak, or a- 2, increases linearly with the distance L that it has 
travelled. A plot of the variance against L results in a straight line. The slope of 
this relationship is the HETP. Therefore, H can be further defined as [218]: 
H = d a2 
dL 
(6.2) 
This is the fundamental definition of HETP. Consequently H is a measure of the 
generation of variance (cr2) per unit length of a given column. lt is important to 
note that HETP is a function of many different LC operating parameters, and 
thus is not a basic property of a column and subsequently not a true indicator of 
column quality. For instance so called "extracolumn effects" are detrimental to 
HETP, and therefore N. Extracolumn effects are volumetric effects that 
contribute a variance to the width of the band. So other parts of the 
chromatograph (along with the column itself) such as connection tubing, injection 
volume and detector, all contribute to the overall variance of the peak. 
Mathematically the additivity of the variances can be expressed as follows: 
(6.3) 
The subscripts have the following meanings: t = total band spreading, i = band 
spreading in the injector and caused by the injection volume, f = band spreading 
in the fluid path in the connecting tubing and fittings between the injector and 
detector, c = band spreading inside the columns, and d band spreading caused 
by the detector. These concepts will be discussed in greater detail relating the 
use of a superheated water mobile phase to the efficiency (H) of a given 
separation. 
Referring back to the resolution equation 2.7, an increase in efficiency will result 
in an increase in resolution between two peaks of f\P·5 . Thus doubling the 
number of plates for a particular column will not double the resolution, but 
instead will increase it by 2°·5 (i .e. 1.41 ). Consequently it is generally perceived 
that increasing the selectivity between two critical peak pairs is a more 
worthwhile way of increasing resolution than optimising the chromatograph's 
efficiency. 
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6.2 Diffusion 
6.2.1 Diffusion Processes in Chromatography 
Diffusion is the process by which atoms or molecules are transferred by their 
random motion from one part of a medium to another. This is almost a definition 
of chromatography. Efficiency in chromatography and diffusion are explicitly 
linked by the well-known van Deemter equation [219]. Although other equations 
have been developed to describe the band broadening processes, the van 
Deemter equation remains the most popular due to its ease of use and 
understanding [220]. Essentially the van Deemter equation describes the 
dependence of the HETP on the linear velocity of the mobile phase. lt assumes 
that the HETP is composed of three independent contributions to form a 
curvilinear relationship: 
8 H = A+ - +CU 
u 
(6.4) 
where the terms A, B, and C are constants for a given system, and u is the 
average linear velocity measured in cm/s. The constants A, B, C are identified as 
the multipath effect, longitudinal diffusion and the resistance to mass transfer in 
the mobile and stationary phases respectively. To discuss the derivation of the 
form of these constants is beyond the scope of this thesis, but some basic 
principles will now be discussed. 
The A term, also called eddy diffusion, results from the inhomogeneity of flow 
velocities and path lengths around packing particles. A is defined as: 
A=J..d p (6.5) 
where dp is the diameter of the stationary phase particle and /.. is a constant and 
function of the packing uniformity and the column geometry. Some solute 
molecules may find themselves close to the column wall where the density of the 
packing material is comparatively low, and consequently will move ahead of 
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solute molecules moving through the more tightly packed centre of the column. 
The different solute velocities cause band dispersion as illustrated in Figure 6.2. 
Column wall 
Figure 6.2: Schematic representation of the A-term band broadening 
process in the van Deemter equation. 
The A-term can be optimised by using good packing techniques and selecting 
particles that have a small particle diameter, and importantly a narrow particle 
size distribution. The effect of temperature on the A-term is still uncertain [111 ], 
but it is thought that high temperatures should improve the laminar flow and 
lateral mixing of solute among different flow channels, thus increasing efficiency 
[221 ]. 
The 8-term is known as the longitudinal diffusion term, and arises because all 
solutes have a tendency to spread out from a region of high concentration to one 
of a lower concentration. In essence, the 8 term defines the effect of longitudinal, 
or axial, diffusion i.e. random motion within the mobile phase. The B-term is 
defined as [222]: 
(6.6) 
where a factor y, known as the obtrusion factor, recognises that longitudinal 
diffusion is hindered by the packing or bed structure, and Om is the diffusion 
coefficient of the solute in the mobile phase. The band broadening process due 
to the 8-term can be visualised as follows: a local concentration of solute is 
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placed at the midpoint of a tube filled with a suitable solvent. The sol.ute, by its 
nature will slowly diffuse to either end of the tube, following a Gaussian 
distribution with a maximum concentration at the centre. Eventually the solute 
will reach the end of the tube, and the solute will continue to diffuse until there is 
a constant concentration throughout the length of the tube. The process is 
shown pictorially in Figure 6.3. 
Conc.Lt_ 
Position 
Figure 6.3: Schematic representation of the 8-term diffusion process due 
to longitudinal diffusion through a closed tube. 
In liquids the contribution to H from this term is often small, except at very low 
linear velocities which are seldom encountered in practice. Similarly the effect of 
temperature on the B-term is also expected to be small. 
The resistance to mass transfer term( s) are complex and comprise a number of 
different phenomena as described in Figure 6.4. Therefore the C-term is often 
described by distinguishing separately the mass transfer band broadening 
phenomena occurring in the mobile phase and the in stationary phase 
respectively, i.e. [222] 
(6.7) 
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where k is the retention factor, d, the effective film thickness of the stationary 
phase layer, Ds and Dm are the diffusion coefficients in the stationary phase and 
mobile phases respectively, and f1 and f2 are functions of the retention factor. 
Further discussions on the origins and form of the band broadening process due 
to mass transfer effects can be found in the following references [220-223]. 
I 
i-\ 
Figure 6.4: Schematic representation of the mass transfer phenomena: the 
solute is transported from the moving mobile phase to the surface of the 
particle (A), through the stagnant mobile phase in the pores to the 
stationary phase on the internal surface of the packing (8). The solute can 
then interact with the stationary phase (e.g. adsorption I de sorption 
kinetics) (C), after which it is transported back into the moving mobile 
phase. 
Adding these terms together, the van Deemter equation, in its most basic form, 
can be written as: 
(6.8) 
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The combination of these band-broadening processes can be individually plotted 
as shown in Figure 6.5. As can be seen the B-term is really only important at low 
linear velocities, whereas at relatively high linear velocities, mass transfer effects 
(the C-term) become more dominant. The A-term is seen to be virtually 
independent of flow velocity. 
HETP Curve 
Cu 
H (cm) 
u (cm/sec) 
Figure 6.5: Representation of a typical van Deemter plot showing the 
individual contributions to the band broadening process. 
For the practical chromatographer however, it is often easier (and sometimes 
necessary) to rely on an estimated form of the van Deemter equation. In this way 
a relationship between diffusion in the mobile phase and plate height can be 
evaluated. One such estimate is given as [224]: 
D 1 d2 H = 1.5d + ___fl!_ + __ P u 
p u 60 
m 
(6.9) 
From this equation we can see that the plate height is affected predominantly by 
the diffusion processes in the mobile phase. Because we are using a mobile 
phase at high temperatures, it is necessary to consider temperatures affect on 
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diffusion rates. Normally an increase in temperature increases diffusion rates, 
therefore a superheated water mobile phase should lead to an increase 
chromatographic efficiency. 
6.2.2 Diffusion & Temperature 
Because chromatography can be loosely described as a diffusion process, it is 
useful to describe the effect a high temperature mobile phase wil l have on 
solutes travelling within it. By their nature, solute molecules are bound into place 
by relatively strong intermolecular attractions. To be able to diffuse, solute 
molecules must gain sufficient energy to break free from these attractions. Thus 
diffusional transport is logically an activation process with the usual exponential 
dependence on temperature [220]: 
(6.1 0) 
where Wt is the activation energy required for molecular displacement, m the gas 
constant, T the absolute temperature, and Do a term with only a slight 
temperature variation. However by using this equation it is difficult to quantify a 
reliable and accurate measure of Wt [225]. Because of this problem , working 
estimates of Wt are usually made. One such estimate uses the correlation 
between the activation energies (Wt) of Dm and the viscous shear of a liquid 
(1/fJ). This is helpful, since viscosity data is easier to obtain than measuring 
diffusivities directly. If 17 is known at a series of temperatures, then a plot of In 
(1/fJ) versus 1/Twill yield a line of slope Wtl~ . 
However, chromatography users are only really concerned with obtaining a 
direct measurement (or estimation) of Dm itself. To accommodate this , a number 
of equations have been derived to give a reasonable estimate of Dm, but the 
Wilke Chang equation remains the most popular [226]: 
2 -s .J'PMT Dm (cm I s) = 7.4x1 0 0.6 11 vs 
(6 .11 ) 
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where '¥ is an association factor based on the solvent (2.6 for water, 1.9 for 
methanol , 1.5 for ethanol and 1.0 for other non-associated solvents), M is the 
molecular mass of the solvent, T is the absolute temperature, 77 is the solvent 
viscosity and Vs is the molar volume of the solute (calculated from the molar 
mass (g mor1) divided by the density (g cm-3)). The accuracy of the equation is 
said to be within +/- 20%. In fact, Li and Carr have recently confirmed the 
accuracy of this and other empirical correlations for estimating diffusion 
coefficients in typical RP mobile phases [227). 
Using the Wilke Chang equation, Dm comparisons can be made between mobile 
phases of different compositions and conditions. With water as a pure solvent 
the Wilke-Chang equation is readily implemented. For binary mixtures i.e. 
aqueous organic mixtures, molar fractions are needed to calculate '¥ and M. An 
example is given below 
Calculation of Dm for phenol in 40/60 v/v ACNIH20: 
6 parts by volume of water, density 1 g cm-3 = 6 parts by mass; 
4 parts by volume of ACN, density 0. 78 g cm-3 = 3.12 by mass; 
6 parts by mass of water, 18 g mor1 = 0.333 molar parts; 
3.12 parts by mass of ACN, 41 .05 g mor1 = 0.076 molar parts; 
total = 0.409 molar parts. 
Water molar fraction= 0.333/0.409 = 0.814 
ACN molar fraction= 0.076/0.409 = 0.186 
'¥ = 0.814 (2.6) + 0.186 (1.0) = 2.302 
M= 0.814 (18) + 0.186 (41 .05) = 22.287 
T= 293 K & 77 = 0.89 cP 
Vphenol = 94.11 g mor1 /1 .071 g cm-3 = 87. 871 cm3 mor1 
. 0 = 7.8 x 1 o-s .J2.302 x 22.287 x 293 = 1 15 21 .. m . cm s 
0.89 X 87.871 
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Tables 6.1 & 6.2 show values for the diffusion coefficient calculated using the 
Wilke-Chang equation for a number of small molecules. In general diffusion in 
superheated water is increased by a factor of about four compared to 
conventional aqueous-organic mixtures. As an example, the diffusion coefficient 
for phenol in superheated water @ 200°C (as determined from the Wilke-Chang 
equation) is 12.0 x 10-5 cm21s. In aqueous acetonitrile mixtures diffusion 
coefficients values range from 1.06 x 1 O.s cm21s in 40160 ACNIH20 to 3.06 x 1 o.s 
cm21s in 80120 ACNIH20 . 
Table 6.1: Diffusion coefficients of various aromatic solutes in superheated 
water at different temperatures, calculated from the Wilke-Chang equation. 
Solute DM@ 100°C I x DM@ 160°C I x DM@ 2oooc 1 x 
(1 0-5 cm2 s·1 ) (10-5 cm2 s·1) (1 0-5 cm 2 s·1) 
2-phenyl ethanol 3.85 7.14 9.98 
phenol 4.63 8.59 12.0 
acetophenone 3.91 7.25 10.1 
N-ethylaniline 3.73 6.92 9.67 
methyl benzoate 3.75 6.96 9.73 
toluene 4.13 7.66 10.7 
Table 6.2: Diffusion coefficients of various aromatic solutes in ACN I H20 
mixtures @ 20°C, calculated from the Wilke-Chang equation. 
Solute OM in 40/60 OM in 60/40 OM in 80/20 
ACN/H20 x ACN/H20 x ACN/H20 x 
( 1 0~ cm2 s·1) (10~ cm2 s·1) (10~ cm2 s·1) 
2-phenyl ethanol 0.99 1.24 2.54 
phenol 1.06 1.50 3.06 
acetophenone 1.00 1.26 2.58 
N-ethylanil ine 0.96 1.20 2.46 
methyl benzoate 0.97 1.21 2.48 
toluene 1.06 1.34 2.73 
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lt is important to remember that the diffusion coefficient is proportional to 
temperature and inversely proportional to viscosity. Therefore relatively high 
viscosity aqueous organic solvent mixtures cause slow diffusion, which will 
ultimately result in lower plate counts. lt also means that temperature can 
improve diffusion in two ways: first by increasing diffusion directly, and then 
indirectly by reducing the viscosity of the mobile phase itself (see section 1.3.5). 
Although values for the diffusion coefficient have been made using the Wilke-
Chang equation, it is questionable whether it is wholly suitable for calculating 
diffusion coefficients in superheated media. For instance the association term 
{'I') for superheated water may not be valid considering the evidence for 
extensive H-bond breaking at temperatures higher than 1 oooc (see section 
1.3.3). If this is the case then diffusion coefficients in superheated water may 
actually be higher than the estimate given by the Wilke-Chang calculation. lt may 
be the case that diffusion coefficients in superheated water should approach 
those observed in supercritical fluids [228-229]. 
An increase in diffusion rates is seen to have a dramatic effect on the shape and 
style of the van Deemter curve. This is shown in Figure 6.6. that plots van 
Deemter curves for phenol in superheated water@ 200°C and 40/60 ACN/H20 
respectively with diffusion coefficients taken from Tables 6.1 & 6.2. The plots are 
based on the estimation of the van Deemter equation given in equation (6.9). As 
can be seen the plots are very different from one another. At low linear velocities 
the 8-term has a significant impact on the plate height in the superheated mobile 
phase, whereas in the acetonitrile mixture the effect is almost negligible. As the 
linear velocity increases, the plate height falls dramatically in the superheated 
water mobile phase as the effects of longitudinal diffusion diminish. In the 
aqueous ACN mixture the plate height also begins to fall as linear velocity 
increases but then rises steadily due to influence of the mass transfer term. In 
stark contrast the plate height continues to fall in the superheated water mobile 
phase eventually reaching a minimum at ea. 0.6 cm/s. However, the most 
striking difference between these two plots is that in the superheated phase the 
mass transfer causes the plate height to increase very gradually, whereas in the 
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aqueous ACN mix the increase is noticeably more acute. lt appears that higher 
diffusion coefficients in the mobile phase help to significantly reduce the plate 
height at relatively high linear velocities. 
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Figure 6.6: Theoretical van Deemter plots for phenol in superheated water 
and aqueous acetonitrile, based on calculations performed using equation 
6.9. 
Another striking difference that can be observed from Figure 6.6 is the difference 
in the optimum velocity (Uopt) where the plate height is at its lowest i.e. at 
maximum efficiency. For the aqueous ACN mix the Uopt occurs at 0.05 cm/s 
whereas for superheated water@ 200°C it occurs at 0.6 cm/s, an increase by a 
factor of four. The reason for this can be derived from differentiation of the van 
Deemter equation with respect (u): 
oH B 
- = - - + C 
ou u2 
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and equating to zero, 
thus: 
(6.12) 
From equation 6.12, we can see that the Uopt is directly proportional to the size of 
the diffusion coefficient in both the mobile phase and the stationary phase, 
respectively. Thus the use of a superheated mobile phase will improve Uopt by 
simultaneously increasing Dm and Ds. 
The prospects of high efficiency at high linear velocity (quick analysis time) are 
an obvious benefit to the chromatographer. A mobile phase velocity of 0.1 cm/s 
is roughly equivalent to a volumetric flow of 1 ml/min through a standard 4.6-mm 
id column. Therefore to achieve maximum efficiency the system should be 
operated at a flow rate of approximately 6 ml/min. If the pressure constraint of 
the system allows it, then faster flow rates (with a low viscosity solvent such as 
superheated water) could be used without any real detriment in column 
efficiency. Li et. al. have explored the possibilities of using fast flow rates at 
elevated temperatures up to 200°C with an aqueous organic mobile phase on 
PBD - zirconia [230]. They found that analysis times for the separation of a 
group of polyaromatic hydrocarbons could be decreased by about 18 fold without 
any significant loss in resolution relative to conventional temperatures and 
normal flow rates. At these high flow rates peak asymmetry could also be 
improved significantly. 
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6.3 Experimental Results 
6.3.1 PGC 
For the construction of the van Deemter plots, phenol was chosen as the test 
solute. Flow rates from 0.1 to 1.5 ml/min at 0.1 ml/min increments were chosen 
to give a representative spread of linear velocities. The resulting mobile phase 
linear velocity was computed from the following equation: 
L 
u ::= -
to 
(6.13) 
where L is the length of the column and fo is the breakthrough time of an 
unretained solute. The unretained solute for this study was uracil. Efficiencies 
were taken using the peak width at half height method and were computed by 
the Jones Chromatography data acquisition program (see Chapter 3 for further 
details). Chromatograms were collected in triplicate for each flow rate studied 
and an average was taken for the recorded efficiency. The chromatograph was 
allowed to equilibrate for between one and two hours after a change in flow rate 
was made. 
As a comparison, a 40% v/v ACN mobile phase was used that gave a similar 
retention factor for phenol as superheated water at 200°C. H versus u data for 
both mobile phases are plotted in Figure 6.7. lt is immediately obvious that 
contradictory to expected theory the superheated water mobile phase clearly 
gives a less efficient separation. At all the velocities studied, the 40% ACN 
mobile phase gives a more efficient separation. To investigate the trend at higher 
velocities, two more flow rates, at 1.75 and 2.0 ml/min, were included in the 
superheated water data set. The trend shows that the efficiency at higher flow 
rates continues to decrease rapidly as the velocity increases. 
Although efficiency is decreased with the superheated water mobile phase, the 
theory pertaining to an increase in Uopt is realised. With superheated water Uopt is 
reached at a linear velocity of about 0.1 cm/s, whereas with the 40% ACN mobile 
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phase Uopt is about 0.025 cm/s, a decrease by a factor of four. This finding 
agrees well with theory presented earlier. 
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Figure 6.7: Experimental H vs. u plots obtained on the PGC column. 
To help determine why the superheated water mobile phase was giving such an 
inefficient separation relative to the aqueous organic mobile phase, a best fit line 
was plotted to the data using the least squares method. Using the Excel 
spreadsheet program, the solver function was then used to determine the A, B, 
C coefficients of the van Deemter equation. The values for each mobile phase 
are given in Table 6.3. 
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Table 6.3: Computed values of van Deemter coefficients for superheated 
water @ 200°C and 40% ACN mobile phase. 
Superheated Water @ 200°C 
40/60 ACN/H20 w/w 
A/mm 
0.0097 
0.0276 
Blmm 
0.0016 
9.62 X 10-5 
C l mm 
0.2798 
0.1236 
When these computed coefficients are plotted with their respected relationship to 
u, then a clearer picture of their effect on H emerges. Such a plot is given in 
Figure 6.8. Plots for superheated water and 40% ACN are given on the same 
scale to give a like for like comparison of the effect of each individual term in the 
van Deemter equation. From these plots it is clear that the influence of 
longitudinal diffusion (the 8-term in the van Deemter equation) continues to be a 
major contributor to the poor plate heights observed for superheated water, even 
at relatively high (0.1 cm/s) linear velocities. In stark contrast the effect of the 8-
term with 40% ACN is a lot smaller, especially at low velocities, and quickly 
becomes an insignificant contributor to the overall plate height at higher 
velocities. This affect can be accounted for by the large differences computed for 
the 8-term in Table 6.3. 
Two other noteworthy distinctions can be drawn from Figure 6.8. The first is the 
contribution of the C-term to plate height. Although theory suggests that the 
value for C-term should fall as diffusion in the mobile phase increases with 
temperature (see Figure 6.6) this is not the case observed for the comparisons 
here. In fact the 40% ACN mobile phase gave a smaller C coefficient and thus 
the contribution to plate height is relatively smaller as mobile phase velocity is 
increased. Finally, the difference in values computed for the A-term is significant. 
In superheated water the A-term was computed as being smaller by a factor of 
nearly three over the 40% ACN mobile phase (see Table 6.3). The reason for 
this finding is as yet unclear, but it could have something to do with 
improvements in the laminar flow and lateral mixing of solutes at higher 
temperatures. The theory for this effect has been discussed in detail by Giddings 
[220]. 
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Figure 6.8: Individual contributions to plate height computed on PGC for A) 
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6.3.2 PLRP-S 
For the construction of H versus u plot on PLRP-S, additional data points were 
collected at the high and low end velocity, to try to help distinguish the form of 
the B and C coefficients. Again phenol was chosen as the test solute but this 
time a 30% ACN aqueous mobile phase was used as a comparison with 
superheated water@ 200°C. The results obtained are plotted in Figure 6.9. 
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Figure 6.9: Experimental H vs. u plots obtained on the PLRP-S column. 
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Once again, as can be seen from Figure 6.9, the conventional aqueous 
acetonitrile mobile phase proved more efficient than the superheated water 
mobile phase at all the flow rates studied. The form of the van Deemter plot for 
the superheated water mobile phase is curious indeed, bearing an almost 
parabolic shape. Subsequently all attempts to fit this data to the van Deemter 
equation i.e. to the form H =A + B/u + Cu failed. 
Cantwell et al. have produced a series of papers on the band broadening 
processes thought to occur in microparticulate porous packing materials [231 -
232]. They commented that slow sorption rates to and from the surface of the 
polymer were particularly responsible for slow mass transfer phenomena, and 
that the situation was further complicated by diffusion of solutes into micropores 
between the polymer chains. Nevejans and Verzele have stated that separations 
performed at high temperatures on these polymer packings should substantially 
increase the rate of diffusion in these micropores and thus increase efficiency 
[173]. They also stated that separations carried out in high water content should 
close the micropores and thus make them unavailable to diffusion. However this 
did not seem to be the case with the superheated water mobile phase system. 
Dubetz thesis covers the origin of excessive band broadening phenomena on 
the material PRP-1, which is in most respects identical to PLRP-S [233]. 
The exact reasons for the sharp decrease (rise in plate height) in efficiency 
observed at high linear velocities in Figure 6.9 are not known. However, Figure 
6. 10 gives some insight into what is occurring. Figure 6.10 shows 
chromatograms obtained for phenol with the superheated water mobile phase@ 
200°C at various flow rates at 0.9 ml/min (uopt) 1.6, and finally 2.0 ml/min. At the 
higher flow rates there is a very marked distortion of peak shape, almost splitting 
the peak in two at 2.0 ml/min. In fact these distorted peak shapes are exactly 
analogous to those obtained by Perchalski and Wilder on their work on RPLC at 
increased temperatures [234]. They attributed this phenomenon to temperature 
differentials between a cooler incoming mobile phase and the column itself. Thus 
the mobile phase portion carrying the solute that flows into the column first would 
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Figure 6.10: Chromatograms of phenol on PLRP-5 with superheated water 
as t he mobile phase at three flow rates; A) 0.9 ml/min, B) 1.6 mllmin, & C) 
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be at a higher temperature than the remaining portion in the tubing. This would 
cause solute molecules to experience different diffusion rates respectively and 
thus begin to separate the band itself. Castells et al. have also highlighted that 
peak distortion can also occur as a consequence of viscosity differences 
between the sample solvent and the mobile phase itself [235]. The sample 
solvent used in this case was a 50/50 mix of ACN/H20. There is a large disparity 
between the viscosity of the superheated water mobile phase and the sample 
solvent and this could contribute to peak distortion effects observed. 
Unfortunately time constraints meant that the PBD-zirconia column was not 
studied with respect to H versus u. Nevertheless, Carr et al. has produced a 
number of papers that studies the effect high temperatures have on the 
efficiency of the separation [11 1, 217]. In these papers conventional mixed 
aqueous organic mobile phases were used. 
6.4 Control of "Extra-Column" Effects in HTLC 
If indeed the observed peak distortion observed at high linear velocities is due to 
a disparity in mobile phase I column temperature, then a solution clearly needs 
to be found. In essence, what is needed is some implementation that will quickly 
heat up the flowing mobile phase liquid relative to temperatures inside the 
column. A number of researchers have heated the mobile phase separately from 
the column itself, and have actually maintained the temperature of the flowing 
mobile phase at a higher temperature than that of the column (96,236-237]. 
Another solution to this problem implemented by Katz and Scott, was the use of 
special thermal conductivity tubing [238]. High thermal conductivity tubing is 
essentially the same as low dispersion tubing since the conduction of heat 
across a tube is mathematically equivalent to the treatment of solute transfer 
across a tube. The problem of heat or solute transfer across an open tube 
results from the parabolic velocity profile of the fluid passing through the tube 
and the relatively low magnitudes of solute diffusivity and the thermal 
conductivity of liquids. To improve both the heat and solute transfer, it is 
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necessary to break up the parabolic profile in the tube and introduce radial 
mixing to enhance diffusion and thermal conductivity. 
The form of the tubing used by Katz and Scott is depicted in Figure 6.11 . For 
obvious reasons it is known as serpentine tubing. Such tubing is usually encased 
in an outer sheath to protect the tube and provide some rigidity. The tubing was 
designed to increase secondary flow by actually reversing the direction of flow at 
each serpentine bend. For optimum heat transfer the ratio of the serpentine 
amplitude to tube diameter should be less than four. To achieve the best results, 
it may be necessary to clamp the tubing flat to the surface of the oven wall , 
where the heat of the oven wall will be transferred rapidly to the tubing and 
subsequently through the liquid passing through it. Without this or some other 
type of efficient thermal exchange system, air ovens are not to be recommended 
for LC column temperature control [239]. 
Figure 6.11 : Schematic representation of the low dispersion serpentine 
tube. 
Excessive peak dispersion and poor temperature control is not limited to the pre-
column tubing. lt is also of the utmost importance to try and limit the amount of 
tubing (and subsequent dispersion therein) from the column to the detector cell. 
A number of researchers have also commented on the so-called "cold spot" 
problem that is associated with high temperature liquid chromatography studies 
[148,240] To ensure the integrity of a high temperature I high efficiency 
chromatograph, Djordevic et. al. placed the detector cell together with the optical 
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fibres in the column oven [148]. Thus detection was performed at the same 
temperature as the actual column, and the efficiency of the separation process 
was preserved. Although an elegant approach, to date no researchers have 
adapted this fibre optic based detection approach for use with conventional 
stainless steel packed columns. 
6.5 Summary 
The prospects of a high efficiency chromatograph with a superheated water 
mobile phase have not been realised. lt appears that the B-term (longitudinal 
term) of the van Deemter equation is detrimental to the efficiency of the system, 
even at intermediate linear velocities. For the PLRP-s stationary phase there 
was a very marked decrease in the efficiency at high linear velocities with the H 
versus u plot appearing parabolic in shape. The peak shapes obtained for 
phenol at high velocity was severely distorted suggesting poor equilibration 
between the incoming mobile phase and the temperature of the column. 
Although a high efficiency separation was not achieved with superheated water, 
the proposed theoretical increases in Uopt were met. For instance the Uopt found 
on PGC with superheated water @ 200°C was four times greater than Uopt with a 
40% ACN mobile phase. 
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LC-FID 
7. 1 Introduction 
The flame ionisation detector (FID) is the most common detector used for GC 
detection. There are several reasons for this, the most cited being a universal 
response for the vast majority of carbon containing compounds, high inherent 
sensitivity, and finally potential operation over a wide linear range. 1t is these 
factors that have made the FID a leading quantitative detector that, if coupled 
reliably to LC, could bring obvious benefits to LC detection. However, it has seen 
only limited use in HPLC mainly due to its incompatibility with organic solvents 
present as a part of the mobile phase. lt is envisaged that a superheated water 
mobile phase used in LC could be coupled to the FID because water will not give 
a significant response in the flame. The coupling of an effective workable FID to 
LC would undoubtedly be hailed as a breakthrough, not least for the possible 
detection of compounds with only weak chromophores e.g. carbohydrates and 
amines to name just a few. 
This chapter describes the instrumental set up used and some background to 
important considerations pertinent to LC-FID coupling. An overview of the major 
results and conclusions are also given. 
7.2 Mechanism of Response 
The FID operates with hydrogen as the fuel source. This fuel rich mixture is 
mixed externally with air and burned at the exit of the flame jet, producing ions 
that are collected at an electrode at a higher potential to produce the ana!yte 
signal. As stated above the FID is deemed a universal detector responding to all 
organic species with the notable exception of formic acid. Essentially the FID 
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responds proportionately to the number of -CH2- groups introduced into the 
flame. For example, the response to an equimolar amount of butane is twice that 
to ethane. There is a lower response from oxidised carbon atoms such as 
carbonyl, carboxyl, and ether groups. The response from carbon atoms attached 
to hydroxyl and amine groups is lower. The generally accepted mechanism 
involves a series of pyrolytic reactions that begin at the tip of the flame jet [241] 
producing CH radicals. These radicals then move through the flame into a 
oxygen rich zone, where the following chemi-ionisation reaction occurs: 
The CHO+ ions are unstable and react rapidly with water produced in the flame 
to generate hydroxonium ions, which are the primary positive carrying species. 
The current produced is actually thought to be carried by clusters of hydrated 
(H20)nH+ [242]. There is still a certain amount of controversy as to whether or not 
water significantly interferes with the FID signal output itself. Lucero observed an 
18.7 % sensitivity reduction for a hydrogen Fl D burning in oxygen containing 
12.3 mole % water vapour [243]. He ascribed this loss in sensitivity to a 
combination of reduced flame temperature and a reduction in collection 
efficiency of hydrated ions to the FID electrode. Schaefer found that water could 
give both negative and positive responses in the FID [244]. 
7.3 Past Efforts of LC-FID Coupling 
The coupling of LC to the FID has been the bane to chromatographers wishing 
to combine the techniques for the past twenty five years. The basic problem is 
one of incompatibility: organic solvents present in the mobile phase would cause 
a very high intrinsic background signal in the FID itself. Because of this, the 
focus of much research in this area has been to somehow volatise the organic 
component from the aqueous mobile phase. Two approaches have been 
investigated. The first involves a moving belt mechanism where the effluent was 
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deposited and then the mobile phase solvent was vaporised in a oven before 
being swept away by a vacuum module [245J. The relatively involatile sample 
molecules are then directed up into the FID for analysis. However the coating 
onto the belt was often irregular and this caused problems with reproducibility. A 
variation of this coating technique was the use of a moving wire. Veening et al . 
used this technique in conjunction with a microbore column with limited success 
[246]. Again problems with coating reproducibility was common. 
Still another technique for coupling LC to the FID has been developed by Di 
Sanzio et al. [247]. They used a novel thermospray interface to volatise the 
analyte components before introduction into the FID. Still other papers have also 
cited a breakthrough in a successful union for LC-FID but these have not borne 
fruition [248-250]. 
At the time of this current research a number of other authors have investigated 
the use of a superheated water mobile phase for use with LC-FID. Miller and 
Hawthorne described the use of a superheated water chromatograph employing 
a standard GC with FID (251 ]. They found that the limit of detection was only- 1 
order of magnitude poorer than the same FID used in the normal GC mode. As 
the water flow rate was increased additional hydrogen was introduced to the FID, 
to help keep the flame alight. A stainless steel restrictor (lsco Scientific, designed 
for SFE applications) was deployed post column to provide a necessary back 
pressure to the system, to prevent the liquid water from boiling. They used a 
microbore-column (2.0 mm id) packed with a PS-DVB co-polymer (PRP-1 , 
Hamilton) similar to the PS-DVB column in the present study and were able to 
separate and detect alcohols, phenols and amino acids in the FID at 
temperatures up to 175°C. 
Recently lngelese et al. reported the use of the FID with a superheated water 
mobile phase (252J. They discussed ways of improving the stability of the FID by 
heating the restrictor separately from the column to reduce sputtering from the 
effluent flow into the flame. Such a sputtering effect causes spiking in the sample 
signal and is therefore undesirabl,e. Separations of aliphatic alcohols and 
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aromatic aldehydes could be achieved with detection in the low ,ug/ml (ppm) 
range. The use of column focusing techniques by "cold trapping" the samples at 
the head of the column was also investigated. Such a technique should enable 
large volume injections, which would ultimately increase the detection limit of the 
method. Finally Bruckener et al. used a pure water mobile phase at room 
temperature to achieve separation of analytes before dual detection by FID and 
UV absorbance [253]. A helium stream was used to vaporise individual droplets 
of the LC effluent before being sent to the FIO. However, only volati le analytes 
could be analysed effectively in the FID. 
7.4 Experimental Set Up 
The biggest problem faced when trying to interface conventional LC packed 
columns to the FID is one of incompatibility between the mass flow of the 
vaporised liquid mobile phase and the subsequent stability of the flame itself. In 
normal operation with a GC capillary column, the effluent gaseous flow rate is 
between 0.25 - 5 ml min-1. The full flow from a 1-mm i.d. packed LC column 
operated at Uopt is ea. 50 - 100 ml min-1, measured as an expanded gas. 
However, most capillary GC-FID systems are optimised to cope with a total flow 
of - 1 00 ml min-1 once a make up gas has been added. Nevertheless, the 
volumetric flow from a 2.1-mm i. d. column is roughly four times as large as this, 
and with a standard 4.6-mm i.d. column it is approximately 20 times as large 
again. 
Clearly such large disparities from the acceptable flow rates are bound to cause 
some problems. The first solution was to use a 1-mm i. d. column without splitting 
the liquid effluent. This meant all of the liquid mobile phase was introduced into 
the FID. As in SFC-FID operation, the transport medium between the column 
and the FID itself acts as a back pressure regulator (also known as a restrictor). 
A number of restrictor formats were tried, including crimped stainless steel tubing 
(0.012 inch i.d.), stainless steel capillaries (57 ,urn i.d. lsco Scientific Inc., Jones 
Chromatography, Mid-Giamorgan, UK) and fused silica capillaries (20 and 30 ,um 
i.d. and 375 ,um o.d.; Composite Metal Services, Hallow, Wares. , UK). The 
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stainless steel capillary restrictor is designed for use with packed column SFC 
and is fitted with a silver soldered sleeve and 1/ 16 inch nut and bolt fitting. 
Consequently a leak free connection between the column and the capillary was 
virtually assured. Connecting the fused silica capillaries to the column proved 
more problematic. To attain a tight connection it is necessary to slip a vespel 
ferrule over the capillary, which clamps firmly around the capillary once the nut is 
tightened behind it. However the set up was not robust or free from leaks, so a 
small piece (-5 mm) piece of Teflon tubing was placed in front of the vespel 
ferrule. This arrangement is shown schematically in Figure 7.1 . 
ve -spel ferrule 
Figure 7.1: Schematic representation of the "butf' connection between the 
fused silica capillary {restrictor) and packed column. 
Following the recommendation of Miller and Hawthorne [251 J the tip of the 
capillary itself was placed approximately 3 cm below where the flame actually 
burns (see Figure 7.2). In this way the restrictor is heated directly, and the 
emerging liquid effluent is transferred to a short decompression zone before it 
enters the hydrogen rich flame. To ensure that the restrictor is placed in the 
correct position, it is first placed up through the glass connector until it is just 
visible at the tip of the jet orifice. The capillary is then marked with white 
correction fluid , and then pulled back down the glass connector to the required 
length. 
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When operating the superheated water FID, the fuel flow rates had to be 
increased to keep the flame alight. Miller and Hawthorne have investigated the 
optimum fuel flow rates when used in conjunction with a superheated water 
mobile phase. They found that for a 50 ,.ul liquid effluent flow rate (a typical 
volumetric flow for a 1 mm i.d. column) a H2 flow rate of 120 ml min-1 was 
necessary to keep the flame stable. This flow rate is about four times higher than 
that used in GC-FID, and consequently produces a lower signal response. The 
corresponding airflow is not so critical , as long as it generally greater than 240 ml 
min-1 . A bubble gas flow meter was used to measure the H2 flow in the Varian 
GC-FID, and for an equivalent liquid effluent flow of 50 ,ul, a flow rate of 200 ml 
min-1 was needed to keep the flame alight, somewhat greater than quoted 
previously. 
glass 
connector 
Figure 3.8: Schematic of restrictor positioning in relation to the FID jet 
orifice. 
The set up for conventional size columns (4.6 mm i.d.) was entirely different 
again. Because of the large volumetric flow rates associated with th is size 
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column, the flow was split post column. The vast majority of the effluent went to 
the UV, while a nominal amount went up into the FID port. By increasing the 
pressure with the back pressure regulator, one could increase the flow up into 
the FID itself. A tee piece arrangement from Upchurch (Oak Harbour, WA, USA) 
was used successfully to split the flow (see Figure 7.3). To ensure the capillary 
did not snap when it is attached to the tee-piece in the circulating oven air, a 
clamp was used to hold the whole assembly in place. 
to UV --
Figure 7.3: Split flow arrangement for packed column (4.6-mm i.d.) LC-UV-
FID. 1) fused silica capillary, 2) Vespel ferrule, 3) small piece of Teflon 
tubing, 4) clamp. 
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7.5 Results 
Although some favourable results were eventually generated from this study, the 
LC-FID set up proved very problematic due to severe flame instabilities and a 
sputtering effect once it was kept alight for any prolonged period of time. This so-
called sputtering effect causes spiking in the analyte signal and this is clearly 
illustrated in Figure 7 .4. The cause of this spiking is thought to come from ion 
bursts in the detector resulting from irregular molecular clusters formed by the 
aggregation of desolvated molecules. The FID heater block itself was held at 
400°C to aid vaporisation of the liquid effluent, but this proved to be ineffective to 
any great extent. 
1.00 mV 
, 
I..J~ J 
.. .........., 
~. 10 mV 
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Figure 7.4: LC FID chromatogram of phenols Conditions: PLRP-5, 5 ,urn, 
(250 x 1.0 mm); 100% H20 at 100 ,ul/min (0.1 ml/min); oven 150°C, FID 400°C; 
range: 1 x 10-11 amps/mV, attenuation 1. Restrictor: crimped stainless steel 
tubing. Peaks 1) phenol, 2) m-cresol 3) m-methoxyphenol. 
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Plausible working solutions to this sputtering phenomenon are scarce. The same 
problem seems to exist in SFC coupled to the FID. Barnhop and Richter have 
reviewed the two approaches implemented by SFC users [254]. The first is to 
modify the restrictor design or control the manner in which the solutes are 
transferred to the detector from the analytical column. 
The fused silica capillary used in this study can be described as a linear 
restrictor. Fjeldsted et al. found that such restrictors showed significant spiking 
problems, especially for high molecular weight species and polar materials when 
used for SFC-FID [255]. Other restrictor designs have been forged on the 
principle of reducing the internal diameter of the restrictor itself [254). Although 
these restrictors can be used with some success to reduce the spiking signal , 
problems with blockages at the opening have been frequently cited. 
Richter has highlighted that SFC-FID performance could be improved by adding 
an extra heating element to the restrictor [254]. This finding has been augmented 
by lngelese et al. with their work on superheated water LC-FID [251). Barnhop 
and Richter have also emphasised the need to reduce cold spots throughout the 
whole of the FID itself [254). These cold spots are more likely to cause non-
volatile species to condense and produce spiking. One way around this is to 
surround the entire FID, including the flame jet, with a heating block. The authors 
have concluded that there exists a real need for an optimally designed FID 
compatible with SFC. Such a design should also practical implications for LC-
FID. 
Even when a stable flame was maintained for any prolonged periods of time, the 
robustness of the superheated water LC-FID was in doubt. Figure 7.5 shows two 
comparative chromatograms obtained for D-glucose with superheated water 
eluent and FID detection. These chromatograms were taken in succession with 
the same sample. lt is clear that the signal response for the chromatogram in 
Figure 7.58 is severely reduced for some reason. 
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Figure 7.5: Chromatograms of D-glucose taken in quick succession. 
Conditions: PLRP-5, 5 ,um, (250 x 1.0 mm); 100% H20 at 100 ,ullmin (0.1 
mllmin); oven 150°C, FID 400°C; range: 1 x 10-11 amps/mV, attenuation 1. 
Restrictor 75 llm fused silica. Injection: 0.5 Ill of concentration 2 mg/ml. 
Although this analysis of glucose did not prove robust, it does highlight the 
potential of the technique for carbohydrate analysis. Carbohydrates, such as 
glucose are usually chromatographed with RI detection, but the sensitivity 
obtainable with this mode of detection is usually considered to be too low [] . If 
this technique could be made robust and reproducible then it could offer analysts 
a viable alternative. 
Figure 7.6 shows two of the rare successes achieved with the LC-FID set up. By 
programming the temperature of the oven, it was possible to move the analyte 
paraben peaks of interest away from the large solvent peak, producing sharper 
taller peaks that tail less and are spaced at regular intervals. Essentially 
temperature programming can be seen as analogous to gradient elution 
techniques conventionally used in HPLC. 
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Figure 7.6: LC-FID chromatograms of paraben homologues. Conditions: 
PLRP-5 , 5 ,urn, (250 x 1.0 mm); A) isothermal at 200°C, B) held at 150°C for 
10 minutes followed by linear gradient of 20°C/min to 240°C. Peaks 1) 
methyl, 2) ethyl, 3) propyl & 4) butyl paraben. 
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To date the sample applicability of the superheated water LC-FID technique has 
not been fully investigated. Of obvious importance is the possibility to analyse 
what would be problem compounds in either GC or LC respectively. Because of 
the nature the effluent, samples may be limited by their volatility. Further work 
really needs to be completed to determine what kind of samples would be best 
suited for analysis with superheated water LC-FID system. Figure 7.7 shows a 
LC-FID analysis of some aromatic amides. 
1.00 mV 
2. 
5 10 15 20 
Time I minutes 
Figure 7.7: LC-FID chromatogram of some aromatic amides. Conditions: 
PLRP-S, 5 pm, (250 x 1.0 mm); 100% H20 at 100 pllmin (0.1 ml/min); oven 
150°C, FID @ 300°C. Peak identification 1) benzenesulphonamide, 2) 
benzamide 3) m-toluamide. 
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lt is also important to determine the detection limits of the LC-FID technique 
compared to other modes of analysis. Miller and Hawthorne [] determined that 
the LC-FID was one order magnitude less sensitive than standard operation in 
GC. Figure 7.8 shows a LC-FID chromatogram for toluene far from optimised 
conditions. The peak response is from a 0.5 ,ul injection of toluene of 
approximate concentration 0.5 ,ug/ml equivalent to 0.25 nanograms of toluene. If 
this set up could be optimised then lower detection limits would undoubtedly be 
achievable. 
1.00 mV 
5 10 15 20 25 30 
Minutes 
Figure 7.8: LC-FID chromatogram of toluene. Conditions: PLRP-S, 5 ,urn, 
(250 x 1.0 mm); held at 150°C for 10 minutes followed by linear gradient of 
20°C/min to 240°C, FID@ 300°C, Ion amp 104. Other conditions as given in 
the text. 
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7.6 Summary 
The feasibility of combining LC to the FID with a superheated water eluent has 
been demonstrated. However various problems have been encountered that 
have hampered its subsequent development. Efforts need to be concerted to 
produce a robust LC-FID interface that can cope with the difficulties expressed in 
this chapter. Nevertheless it remains an attractive proposition to chromatography 
users not least because it is considered a sensitive detector with the potential for 
universal sample applicability. Such a successful coupling of the techniques 
could eventually replace the less sensitive refractive index detector for some 
applications. 
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CONCLUSIONS AND FURTHER WORK 
The use of a superheated water mobile phase for reversed phase 
chromatography has been shown to be viable alternative to traditional aqueous 
organic mobile phases. The eluting strength of water can be increased 
dramatically as the temperature of operation is increased. Nevertheless even at 
temperatures as a high as 240°C it is still a relatively weak solvent. A notable 
finding was that superheated water offers a different selectivity for successful 
separations than traditional mixtures of water with organic solvents. 
The potential for increased chromatographic efficiency with a low viscosity 
solvent such as superheated water was not realised. lt is thought that problems 
with the experimental set up was the main cause for this find ing. The FID has 
been demonstrated to be compatible with this mobile phase. However, technical 
problems have seriously hampered investigations in the coupling of these 
techniques. 
For the technique to truly become accepted as a working analytical approach a 
number of refinements are sorely needed. Possible ideas for refinement will now 
be discussed together with the scope for future research in this area. 
8.1 Suitable Stationary Phases 
lt has been shown in this work that the most popular reversed phase columns 
based on silica are unlikely to be stable for any appreciable period of time with 
superheated water as the eluent. Columns based on entirely different 
chemistries are stable however. Three materials that have been investigated: 
PS-DVB, PGC and PBD zirconia columns are stable in a superheated water 
environment up to temperatures of 240°C. Apart from these three materials there 
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are a number of other column materials that are worthy of investigation for 
suitability with this mobile phase. For instance two polymer materials: 
polyvinylalcohol and polymers based on methacrylate may well prove stable with 
superheated water. lt has been mentioned in Chapter 5 that modified polymers 
based PS-DVB, for improved water compatibility, may be better suited for use in 
this project. 
Apart from zirconia, other oxides based on either alumina or even titania could 
be tried. These two oxides along with zirconia are hydrolytically more stable than 
silica. An alumina column with bonded C-18 functionality is now commercially 
available. This would be worthy of investigation to try recreate separations 
normally performed on silica C-18 materials. 
8.2 Improving the System 
During the course of this research a number of technical difficulties have arisen. 
Most of these problems have arisen from damage to the chromatograph and its 
components from the aggressive nature of superheated water. Rust damage 
was a particular problem and affected column frits and connecting tubing in 
particular. With the column frits, rust can penetrate into the packing material itself 
and effectively destroys the column. At the moment the temperature limits of the 
chromatograph are effectively set by this problem. This situation must be 
remedied. Titanium frits are available as well as tubing and these should be 
tried. If these components are successful in resisting attack from superheated 
water then it may be worth packing a column comprised solely of titanium as 
well. 
Problems with inadequate temperature equilibration also occurred. With th is 
problem perceived benefits of increased separation efficiency cannot be fully 
realised. To ensure that the flowing mobile phase is at the same temperature of 
the column itself it may be necessary to employ serpentine tubing as described 
in Chapter 6. 
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At the detection end of the chromatograph it is desirable to have the temperature 
of the detector cell the same as the separation column. Such a situation will also 
maintain the separation efficiency of the system. Recently, the company Knauer 
(Berlin-Zehlendorf, Germany) has fabricated photometric detectors that have 
fibre optic capabilities built into their design. The flow cells supplied are pressure 
rated to 300 bar. A picture of the detector is shown in Figure 8. 1 . 
To explore the potential separating efficiency of the superheated water 
chromatograph the reduction of extra column effects is vital. Only then can the 
efficiency be truly assessed. The measures listed above could help in this 
respect. 
Figure 8.1: One of a range of Knauer UVNis detectors that can be fitted 
with a fibre optic connection to the flow cell. An ideal photometric detector 
solution for high temperature packed column chromatography? 
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The potential of linking superheated water LC to the FID has been 
demonstrated. Robustness of the system has limited the amount of investigation 
into the technique. The basic problem can be ascribed to sample involatility. The 
addition of a make up gas to help vaporise involatile compounds may be 
beneficial. lt has been highlighted that the design of FID has been for gaseous 
effluents. Therefore adaptations to this design may prove more worthwhile. lt is 
likely that an additional heating element to FID turret itself may be necessary to 
reduce the sputtering effect. 
Although no reproducibility studies have been given in this feasible, there are no 
apparent reasons why superheated water LC should not be any less 
reproducible than traditional methods. Questions of system robustness need to 
be addressed. 
8.3 Possible Applications 
lt is conceivable that superheated water RP-HPLC could be used in any 
traditional area where conventional aqueous organic mobile phases could be 
used. The two deciding factors are chromatograph hardware and solute stabil ity. 
Solute oxidation concerns are the main worry concerning solute stability. Polar 
solutes such as those pharmaceutical applications may well be suitable to this 
system owing to the polar nature of many pharmaceutical products. Elution of 
polar solutes would require only modest temperatures thus reducing likely 
damage to the chromatograph and in turn reducing the risk of sample 
degradation. The high usage of RP-HPLC has been well documented. Therefore 
the reduction of organic solvent waste for this industry could be quite substantial 
if superheated water was employed as a mobile phase. 
Superheated water was first used for extraction in an analytical chemistry 
context. lt is conceivable therefore that chromatography with superheated water 
could be linked to extraction using the same eluent. Components could be 
trapped on an extraction cartridge at relatively low temperatures and then eluted 
off and onto the analytical column for separation and analysis purposes. This 
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approach would be elegant for samples of low concentration e.g. environmental 
contaminants. 
Other potential areas could include agrochemical entities (again reasonable 
polarity) and the food industry. I would particular useful if a robust lC-FID 
system could be implemented, so samples with poor chromophores (e.g. 
carbohydrates) could be adequately detected at sensitive levels. 
8.2 New Directions 
There has recently been a growing interest in coupling LC to a nuclear magnetic 
resonance (NMR) spectrometer [256-257]. Such a successful coupling would 
provide HPLC with the most comprehensive detector for structure elucidation. 
This technique shows particular promise in reducing the time spent identifying 
and isolating secondary drug metabolites in toxicology safety studies [258]. 
Conventional RP-HPLC presents major problems for LC-NMR coupling , because 
it is likely that the protons in water and other organic solvents would mask 
resonant signals originating from the intended analyte. Because of this it is usual 
practice to use fully deuterated solvents, as these will not present a signal in the 
NMR spectrometer. However these solvents are extremely expensive to 
purchase and amounts to a significant proportion of the operating cost (see 
Table 4). To reduce these costs microcolumns and other capillary separation 
techniques are used to decrease the total amount of solvent used [259). 
Table 8.1: The cost of deuterated solvents. Ref. Fluka Catalogue, 1997/98, 
Fluka Chemicals, Gillingham, Dorset, England. 
Deuterium Oxide, 020 , > 99.8 (%D) 
Acetonitrile-cb, CD3CN, > 99.8 (%D) 
Methanol-d4, CD300, > 99.8 (%D) 
Cost per 10 ml/ £ 
8.80 
57.80 
94.20 
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lt is proposed that superheated D20 should behave similarly to superheated 
H20 , and thus be usable, purely on its own, as the ideal cost effective solvent for 
LC-NMR. Efforts are already in progress to couple superheated deuterium oxide 
with a NMR detector [260]. Results have been promising so far. If the system is 
also coupled to mass spectrometry (MS) this could well lead to a complete 
analytical solution to the pharmaceutical industry. 
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